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ABSTRACT 


The disposition of the Mengo capsid polypeptides (a, 
Bev nendes )/iwith respect tofthetexternal surface ofthe 
virion has been investigated by measuring their relative 
susceptibilities to lactoperoxidase-catalyzed iodination 
and their reactivities in immunological tests with specific 
antisera. When intact virions were subjected to iodination 
TOneaennier periodvof “time vG) minim radioactiveuiodine was 
incorporated predominantly into the & polypeptides and to 
a lesser extent into 8 polypeptides. Only with longer 
incubation times (15 min or more) did label appear in the 
y and 6 polypeptides; and this coincided with a progressive 
bodsening and ‘ultimate ‘collapse of the viral ’capsid: “Anti- 
sera specific for each of the capsid polypeptide species 
were produced in rabbits using isolated proteins as antigens. 
Reaction of virions with these antisera in plaque- 
neutralization and hemagglutination-inhibition tests showed 
that only the anti-® serum was capable of blocking virus- 
cell interactions. Complement-fixation and immunodiffusion 
tests confirmed the observations that the a polypeptides 
occupy most of the external surface of the virus particle 
and that the 8 polypeptides are partially exposed. The yY 
and § polypeptides apparently occupy internal locations in 
the capsid of the Mengo virion. 

Isolation of the Mengo virus stable non-capsid poly- 


peptides has been achieved. Capsid polypeptides were 
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removed from infected-cell lysates using ultracentrifugation 
and affinity chromatography techniques. Chromatography on 
SDS-hydroxylapatite columns resolved the denatured non- 
capsid polypeptides into three main peaks. Components of 
the two major peaks, containing polypeptides F plus G and 
E plus I, respectively, were Separated by chromatography 
on G-100 Sephadex columns in the presence of 0.1% SDS. 
Chromatography on Bio-Gel A-5m columns resolved the 
undenatured non-capsid polypeptides into two peaks. 
Selected fractions containing isolated E and F polypeptides 
were assayed for potential protease and polymerase activities. 
A preliminary assay using the precursor polypeptides A, B, 
C and D as substrates failed to detect any protease activity 
associated with the F polypeptide. Assay mixtures con- 
taining polypeptide E demonstrated an RNA polymerase 
activity which was dependent upon exogenous viral RNA 
tenmplacve and oligo(rU) primer. “Thassactivity jwas, not 
Stimulated by the addition of viral capsid polypeptides. 
Cosedimentation of the isolated polypeptide E and viral RNA 
in sucrose density gradients demonstrated that this poly- 
Peptide had an afitinity for the viral) RNA. | Polypeptide £ 
was also capable of binding to poly(A) segments covalently 
bound to sepharose beads. 
The association of a small polypeptide called VPg with 
purified Mengo virus RNA has been demonstrated. Analysis 


on 0.1% SDS - 10% polyacrylamide gels revealed that VPg 
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migrated between capsid polypeptide 6 and the bromophenol 
blue marker and that it was sensitive to treatment with 


proteinase K. 
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I. GENERAL INTRODUCTION 


Picornavirus Classification 


The word picornavirus (from pico - small and rna - 
designating a ribonucleate genome) was developed in 1963 
by the International Enterovirus Study Group to describe 
small (15 to 30 nm in diameter), icosahedral, non-enveloped 
RNA-containing viruses of animal origin. There are also 
plant, insect and bacterial viruses which conform*to this 
description but the term has been formally applied only to 
those viruses of animals. 

The picornaviruses have been classified according to 
their differences in pH stability and buoyant densities in 
cesium salt gradients (Andrewes and Pereira, 1972; Newman 


ieee oy oCraba and Colver, 19749. 


ee 
A recent classification scheme (Melnick et al., 1974) 
includes two genera, Enterovirus and Rhinovirus, which com- 
prise the family Picornaviridae. This scheme is shown in 
Table 1. The caliciviruses had previously been included in 
the picormnavirus classification scheme.) However, their 
larger size and distinctive morphology (Zwillenberg and 
Bliicki, 1966; Almeida et al., 1968; Wawrzkiewica et al., 
1968) are atypical of picornaviruses. As well, it has been 
shown that calicivirus capsids have only one major structural 
polypeptide species (Bachrach and Hess, 1973; Burroughs and 


Brown, 1974) while all the picornavirus capsids are composed 
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TABLE 1 


Picornavirus Classification Scheme 


VERTEBRATE PICORNAVIRUSES 


Genus Enterovirus 


A. Enteroviruses: Polio (3 Serotypes) Sedimentation coefficient 1155 S 
Coxsackie A (23) Buoyant density (CsCl) 11.34 g/ml 
Coxsackie B (6) Virions stable pH 3-10 
Echo (31) Empty capsids produced in vivo 
Enteroviruses of mice, swine, cattle 
B. Cardioviruses: EMC Sedimentation coefficient v155 S 
ME Buoyant density 11.34 g/ml 
Mengo a aera Virions labile 5<pH<7 in the presence 
Columbia-SK of 0.1 M Cl~ or Br_ 
MM No empty capsids produced in vivo 
Genus Rhinovirus 
A. Human Rhinovirus (>113) Sedimentation coefficient 155 $ 
Buoyant density V1.40 g/ml 
Virions labile pH <5 
B. Foot-and-Mouth Disease Virus (7) Sedimentation coefficient 7145 S$ 
Buoyant density 71.43 g/ml 
Virions labile pH<6.5 
C. Equine Rhinovirus (2) Sedimentation coefficient v150 S$ 


Buoyant density ¥1.45 g/ml 
Virions labile pH<5 


The various picornavirus subgroups also have distinctive 
pathological properties. These are ‘discussed in detail by 
Andrewes and Pereira (1972). Echo is an abbreviation for 
"enteric cytopathic human orphan”. 
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of four major polypeptide species (Rueckert, 1971; Fenner et 


Ei 197k )4 


Properties’ of the Virion 


The picornavirion is an isometric particle composed of 
one molecule of single-stranded RNA (30% by weight) enclosed 
in’ a protein capsid (70% by weight). Carbohydrate (other 
than the ribose moiety of the RNA) or lipid has not been 
detected in the virion (Rueckert, 1971; Burness et al., 
1973; Drzenek and Bilello, 1974; Mak and Rueckert, 1975). 
The physical and hydrodynamic properties of Mengo virions 
can be extended to picornaviruses in general. In the 
electron microscope, negatively stained Mengo virions have 
antianhydrousi diameter’ of*27 nm. in solution,’ the-virion 
behaves as a Spheroid with a diameter of approximately 30 nm 
containingrabout Ose25%graméof water per *grame’ot dry*virion: 
The sedimentation coefficient (SP 59. w) SEUSS Pe dirfasion 
coefficient OD iy ru Ofwlet7ex wo cm/sec, and par tial 
specific volume (Vv) of 0.70 ml/g give a particle weight for 


the Mengo virion of 8.3 = 0.7 x 10° when substituted into 


the Svedberg equation (Scraba et al., 1967). 
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Virion RNA 


Infectious RNA has been isolated from a number of dif- 
ferent picornaviruses, including several serotypes of 
rhinovirus (Nair and Lonberg-Holm, 1971; Fiola and Saltzman, 
1969; Dimmock, 1966), Mengo virus (Colter et al., 1957), 
Poliomvirns e(Alexander etal.) 1958), Goxsackie virus 
(Mattern, 1962), EMC virus (Huppert and Sanders, 1958), ME 
Menus Chranklin et aly, 1959) and | PMDW (Bachrach et al., 
1964). The fact that the infectious RNA was single-stranded 
was demonstrated by Hausen and Schdfer (1962). 

RNAs from several picornaviruses have been translated 
in cell-free systems; among them poliovirus (Rekosh et al., 
io 20), 4 bNicoyvirus (Dobos Tet aly 1972), RMD VE(Chattergee, 
1976) and Mengo virus (Abreu and Lucas-Lenard, 1976). 
Comparison of the translation of EMC, ME and Mengo virus 
RNAs in cell-free systems from animal cells indicated that 
in vitro translation of picornavirus RNA starts at a single 
initigtionvsiterand that the lin vitro ’produetsvirom the 
three’viruses are very similar to each other* and to the in 
vivo precursor and coat proteins (Eggen and Shatkin, 1972; 
G@berevandeshatkin, 1972) seuThiswis, Tnecontrastacogether 
studies on the in vitro translation of poliovirus RNA which 
seem to demonstrate two different initiation sites on the 
viral RNA genome (Celma and Ehrenfeld, 1975). However, it 
still remains to be proven that two initiation sites are 


utilized in vivo. It is generally accepted that only one 
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initiation site is present on picornaviral RNA. The number 
of termination sites present on the viral RNA is somewhat 
uncertain. The existence of a weak internal termination 
Site which gives rise to an overproduction of capsid 
protein late in the infectious cycle has been proposed 
(Lucas-Lenard, 1974; Paucha et al., 1974). 

Early estimates of the molecular weight of picorna- 
ViruseRNA,ranged from 71.2 x 10° For polwovaruce (Cooper; 


6 


nooo) mous). OFxNl0, for EMC virus (Burnesstcteal+;n1963)> 


More recent studies have shown that the molecular weight of 
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the RNA is between 2.4 - 2.8 x 10 261 x 10° formpehiovirus 


(Wennocke et al., 1970), 2h8<x 10° 


for FMDV (Wild and Brown, 
2970 )eeeet -x 10° for type 2 rhinovirus (Nair and Lonberg- 
foimy el 971) yell Sx 10° Lor type larhinovirusmiNair: and 
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Lonberg-Holm, 1971) and 2.44 x 10° for Mengo virus (Ziola 
and S¢raba; 1974). 

Most picornavirus RNAs contain essentially equimolar 
amounts of adenylate, cytidylate, guanylate and uridylate 
residues (Newman et al., 1973). The only exception to this 
appears to be the human rhinoviruses which have a high 
adenylate content (Brown et al., 1970; McGregor and Mayor, 
1971). \No evidence has been found for the presence of 
methylated bases in the RNA (Grado et al., 1968). The 
nucleotides of picornavirus RNA are not, however, equally 
distributed along the length of the RNA genome. It has been 


shown that a polyadenylic acid sequence is present at the om 


end of such picornavirus RNA genomes as poliovirus (Armstrong 
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et al., 1972; Yogo and Wimmer, 1972; Spector and Baltimore, 
1974), EMC virus (Hruby and Roberts, 1976; Goldstein eceae, 
1976), Columbia S-K virus (Johnston and Bose, 1972), Mengo 
virus (Miller and Plagemann, 1972; Spector and Baltimore, 
1975a) and rhinovirus (Nair and Owens, 1974). There is some 
controversy as to the exact length of the poly(A) sequence, 
with estimates ranging from 15 to 17 nucleotides (Miller and 
Plagemann, 1972) to 50 to 125 nucleotides (Spector and 
Paltimore, 1975b). It°has recently been demonstrated that 
the reason for this difference may be an overestimation of 
the length of the poly(A) segment in certain instances 
(Burness et al., 1975). Based on these observations, a 
sUze™ranze Of 16°to 75 nucheotides 1s probably a more ac-— 
curate figure for the size of the poly(A) segment of 
picornavirus capsid RNA in general. 

The poly(A) tract appears to be required for infectiv- 
Mey Or purl iT eanvural RNAw(Goldsveinve als, 11970; cpector 
and Baltimore, 1974). The presence of the poly(A) segments 
has been correlated to messenger function (Johnston and Bose 
1972; Hruby and Roberts, 1977), as well as to a possible 
involvement in encapsidation of the RNA (Spector and 
Baltimore, 1975a). The genomic poly(A) segment seems to 
be genetically coded (Dorsch-Hdsler et al., 1975), in con- 
trast to considerable evidence which suggests that the 
poly(A) of cellular mRNA is synthesized by post-transcrip- 


MO addict Lorn, presumably involving terminal adenylate 


transferases (Braurerman, 1974). 
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In addition to poly(A), the RNAs of Mengo, EMC and 
PVUevirvses contain a mtract ofapoly(G) 100 to, 200, nucleotides 
long (Brown et al., 1974; Perez-Bercoff and Gander, 1977; 
Porietset.al«, 11974). In FMDV, sthespoly(C) tract is located 
400 nucleotide residues in from the 5% end of the RNA 
(Rowlands et al., 1978) and is near the 5” end of both Mengo 
and FMDV RNAs (Chumakov and Agol, 1976; Perez-Bercoff and 
Gander, 1977). ~The poly(C) tract may have some role in 
feplication of the viral RNA since partially purified EMC 
RNA polymerase will synthesize poly(G) using exogenous 
Doly(C ).asya-template (Rosenberg et.al., 1972). This 
activity.1S similar to, one.reported for the replicase of 
phage Q g, the discovery of which lead to the suggestion that 
the poly(C) tract may. be a recognition site for the replicase 
(Kippers and Sumper, 1975). However, the RNAs of entero- 
and rhinovirus subgroups seem not to contain extensive poly(C) 
tracts (Brown et al., 1975). Since the mechanism of replica- 
tion of all picornaviruses appears similar, this proposed 
recognition function seems unlikely. 

It has recently been shown that a small protein called 
VPg, of molecular weight about 4,000, is covalently attached 
to the 5° terminus of the virion RNA of EMC, polio and FMD 
viruses (Hruby and Roberts, 1978; Lee et al., 1976; Sanger 


1., 1977). The protein is also present on the 5” end 


et 
of the nascent strands of the polio replicative intermediate 
structure and attached to the poly(U) of polio minus strands 


(Nomoto et al., 1977). Poliovirus mRNA, however, does not 
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contain VPg (Nomoto et al., 1976). AlSO-absent es une 
"capping group” (Lee et al., 1976), a structure which has 
been found at the 5” end of most eukaryotic mRNAs. The 5” 
terminal nucleotide sequences of poliovirus mRNA and genome 
RNA are identical |\(Pettersson et al., 1977). Since available 
evidence suggests that poliovirus mRNA is not encapsidated 
into progeny virus (Levintow, 1975), the above information 
Suggests that VPg may have some regulatory role in deciding 
which RNA molecules become encapsidated during morphogenesis 
of the virion. It has also been suggested that VPg may play 
aavolLe vii Initiation of poliovirus RNA "Synthesis, possibly 
Dyeactine as a primer (Flanegzan et al., 1977; Nomoto et al, 
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Virion Proveins 


Early ultracentrifugal studies on the total extracted 
protein from poliovirus (Maizel, 1963), ME virus (Rueckert, 
1965) and EMC virus (Burness and Walter, 1967) indicated the 
presence of a single, relatively homogeneous polypeptide 
species of molecular weight 26,000 to 30,000. Subsequent 
studies employing polyacrylamide gel electrophoresis demon- 
strated that the protein of poliovirus (Maizel, 1963) and 
of ME-, EMC- and Mengo-viruses (Rueckert, 1965; Rueckert and 
Duesberg, 1966) was composed of several different poly- 


peptide species. With the advent of polyacrylamide gel 
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electrophoresis in the presence of SDS (Maizel, 1964; 
Shapiro et al., 1967; Weber and Osborn, 1969; Dunker and 
Rueckert, 1969, it became possible to simultaneously 
determine the number, molecular weight and relative amounts 
OfFeach polypeptide chain in the ‘wholé’ Virion.” Such"studies 
have shown that the picornavirus protein capsid is composed 
of four major polypeptide species, designated VP1l or q, VP2 
or 8, VP3 or y arid. VP4 or 6, of average molecular weights 
34,000, 30,000, 25,000 and 5,000 to 8,000 respectively. 
Furthermore, there appears to be 60 copies of each in a 
complete capsid (Rueckert, 1976). Also present in 1 to 2 
copies per virion is the uncleaved precursor of 6 and 8, 
Calted VPRO or «¢. 

The amino acid composition of whole protein from several 
picornaviruses has been tabulated (Rueckert, 1971). Notable 
features common to the proteins are a low content of sulfur- 
containing residues (2 - 3 moles %), a high content of apolar 
residues (50 moles 4), a high content of proline (6 - 8 moles 
%) and a relatively large amount of residues which do not 
form a-helices (35 - 40 moles %). These last two points are 
reflected by the low a4-helical content of Mengo capsid 
proteins in situ (5 - 10%), as measured by optical rotatory 
dispersion and circular dichroism techniques (Scraba et al., 
Keo 7, Bhayeoty eal M970). 

Individual capsid polypeptides have been purified from 
a number of picornaviruses and their amino- and carboxyl- 
terminal amino acid residues determined. With one exception, 


the amino-terminal residues of the three larger polypeptide 
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species of the reported picornaviruses are gly, asx and ser 

or thr for a (VP1), 8 (VP2) and y(VP3) respectively (Rueckert, 
1976). It has been shown that the N-terminal of the 6 or 

VP4 polypeptide of Mengo virus is blocked (Ziola and Scraba, 
1976). Similarly, only three free N-termini could be 

Geteeuec invintact poliovirus (Burrell and. Cooper, 1973), 

and these were identical to the three reported for Mengo 

virus. Thus it seems evident that a blocked N-terminal of 


6 (VP4) could be a common structural feature of picornaviruses. 


Morphology of the Virion 


Apalyeic OL the pEcomaviralweapsid Sirucltural organi ga— 
tion was first made possible by the development of techniques 
HOtepUGliacatloOngand crystal) i 7ationyot wpolsoviTus (ochatter 
and Schwerdt, 1955, 1959). Finch and Klug (1959) concluded 
Prom A=vayudii traction patterns -ofsthese crystals that the 
poliovirus capsid possesses 5:3:2 symmetry. By extrapolating 
from their data, they suggested that the virion was composed 
of 60 identical asymmetric structure units, each with a 
diameter or 60, to 65 A and a mass of 80,000 daltons (the 
latter value calculated using the then accepted but incor- 
rect. molecular masses of < xX 10° daltons for the RNA and 
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G2 eel oO idaltons for the, virion). 
Subsequently, data on turnip yellow mosaic virus 


revealed that its capsid was composed of 180 polypeptide 
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chains and not the 60 chains deduced from X-ray diffraction 
patterns which were virtually identical to those obtained 
for poliovaris (Klis et a4 ,21957)kerinvaddition, electron 
microscopy revealed that the 180 polypeptide chains were 
arranged into 32 morphological units (capsomers) rather than 
60 (Klug et al., 1966; Finch and Klug, 1966). This illustra- 
ted that 5:3:2 symmetry and repeat periods in X-ray diffrac- 
tion patterns are insufficient evidence to conclude that a 
vVEriony is! composed) of 60 subunits. and, ast ae result, cast 
doubt on the poliovirus model. 

Attempts to elucidate the capsid structure employing 
negative staining in the electron microscope added further 
confusion. The picornaviruses have unusually compact capsids 
which are essentially impermeable to the electron-dense salts 
used as negative stains. Thus very little surface detail is 
evident in electron micrographs, and microscopists have 
variously suggested 32- (Mayor, 1964), 42- (Agrawal, 1966) 
and 60- (Horne and Nagington, 1959) capsomer structures. 

The key to resolving the capsid architecture came from 
ane exanunavion, novo intact varus, bul OLY GeveMidissocia tion 
products. Cardioviruses, when incubated in physiological 
Salarieway pith) toy 6.95," dissociate into RNAS homozencous)3 
to 14S subunits (molecular weight approximately 425,000) and 
an insoluble precipitate of 6 and € chains (Rueckert et al., 
1969; Dunker and Rueckert, 1971; McGregor et al., 1975; Mak 
et al., 1970). The 13 - 14S subunits contain equimolar 


amounts of a, 8 and y and, by treatment with 2M urea, can be 
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dissociated further into 5 S particles of molecular weight 
86,000. These 5S particles also contain equimolar amounts 
OF, Bland ry. | On thisiebasis,, Dunker .and Rueckert (1971) 
proposed that the 5S particle was the basic structure unit 
and that five of these were clustered to form the 13 - 14S 
mentaner Subunit). oneiot which vse ceitered at cach ofi-the 22 
vertices of the icosahedral particle. Similar studies with 
Mengo virus yielded identical results and in addition electron 
Mromoscepmishowedethat ‘the dimensions tof sthe 5S and:13 5-14. S$ 
subunits were consistent with the proposal that the 5S sub- 
UghGeiseche ffundamental’ structure unit of the capsid and that 
the 13 - 14 S subunit was a pentameric cluster of 5 S subunits 
(Mak et al., 1974). The observed 68 A diameter’ of the 5 °S 
subunit is in close agreement with the value originally 


predicted by Finch and Klug (1959). 


Virus Replication: Attachment and Uncoating 


Phe tinitiekb step.of viralainfectiion tinvolves the attach= 
Ment tof averus particles to specitiesrecepiors limthe plasma 
membrane of susceptible cells. The receptors for a given 


Z tous 0" per cell) and thus 


virus are limited in number (10 
can be saturated with excess virus (Crowell, 1966; Lonberg- 
Holm and Korant, 1972; Lonberg-Holm and Philipson, 1974). 


The presence on membrane surfaces of specific "receptor 


families” has been demonstrated for a number of enteroviruses 
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and human rhinoviruses (Lonberg-Holm et al., 1976). A 
picornavirus belonging to one family can block attachment of 
other viruses of that same family (e.g. poliovirus type 1 
Cape 1lOoct Atcachment Of poliovirus. type 2)... 1b cannot, 
however, block attachment of viruses specific for other 
receptor families. Receptors for poliovirus and coxsackie- 
Virus B have characteristic sensitivities to, inactivation 
by proteolytic enzymes (Zajac and Crowell, 1965). However, 
these receptors were not inactivated by neuraminidase, while 
receptors for EMC virus were inactivated by similar treatment 
(Aneel and Burness, 1977). 

Dae dnt Guealleattachment of virus to cel lereceptors is 
reversible, and infectious virus can be removed from cells 
Dy Woswhio with mnyslotocical saline. .uThic: loose attachment 
is subsequently converted to an irreversible virus-receptor 
complex, the conversion in some cases being temperature 
dependent (Lonberg-Holm and Philipson, 1974). Infectious 
virus can be recovered from such complexes by treatment 
with SDS (Maizel, 1962). lLonberg-Holm and Philipson (1974) 
suggest that the transition from a weak to strong interaction 
may be accomplished by the diffusion of additional receptors 
in the plane of the membrane to, the initial site of virus- 
attachment. At low temperatures the fluidity of the membrane 
lipids would be decreased, and this would restrict the 
mobility of the receptors and hinder the establishment of 
the irreversible complex. Receptors for Mengo virus (Mak et 


al., 1970), poliovirus (Bachtold et al., 1957) and FMDV (Brown 
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et al., 1962), whose attachment is essentially temperature- 
independent, may already be clustered on the cell surface; 
whereas receptors for rhinovirus, whose attachment is 
temperature-dependent (Lonberg-Holm and Korant, 1972) may 
be distributed throughout the membrane. 

Interaction of picornaviruses with susceptible cells 
producesmea| rapid: toss of infectivity vorsthe virus, a" process 
ealtedseciipse. ~A large proportion of poliovirus’ attached 
to cells in the cold could be subsequently eluted by raising 
the temperature (Fenwick and Cooper, 1962; Joklik and Darnell, 
1961) 2) yThe®eluted! particles, which are unable to reattach 
to cells, contain infective RNA which is resistant to ribo- 
nuclease (Joklik and Darnell, 1961; Mandel, 1967). These 
"A-particles” sediment at approximately 90% of the rate of 
infectious virions (Fenwick and Cooper, 1962). Coxsackie- 
viruses B3 and Al3 also undergo these specific alterations 
and it has been demonstrated that the eluted particles lack 
the polypeptide VP4 (Crowell and Philipson, 1971; Cords et 
ale, £0975) Thelloss of infectivity of poliovirions has 
also been equated with a loss of the polypeptide VP4 (Breindl, 
1971). Virions which have been treated in vitro with acid, 
alkali,shéat, UV radiation*or 2M ureavalso produce particles 
which lack VP4 and are unable to attach to cells (Lonberg- 
Polmtand Vin, 1973 s<Breindl, 197layb}) Katagiri tenvals;y \2o71; 
Roizman et al., 1959). The artificially produced particles 


are immunologically similar to the eluted A-particles, both 
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of which are said to possess "C"” or "H” antigenicity. The 
intact virus particle is said to have "D” or 'N” ‘anti- 
genicity (Mayer et al., 1957; Hummeler et al., 1962). The 
antigenic shift accompanying the formation of empty 
particles occurs whether or not the RNA is released from 
wae ron ™(Dreind ly, 97 lay by Katagiri Sb alt99 9604197 19). 
These observations led some workers to postulate that 
the capsid polypeptide VP4 was responsible for attachment 
of virus to cell receptors (Breindl, 1971la; Philipson et 
miei £973). © An alternate hypothesis put forward by 
Butuerwortn et “al. (1975) explains the anability ofrleluted 
virus to reattach as a conformational rearrangement of the 
capsid polypeptides, the loss of VP4 being incidental. The 
hypothesis is supported by the observation that human rhino- 
virus type 2 can be resolved into two conformationally 
isomeric populations by isoelectric: focussing (Korant et 
ait, 97 5) but Lerworth “et ‘aly, 1975). = Warions “soelectric 
at pH 6.4 had a full complement of RNA and polypeptides, and 
were fully infectious, while the population isoelectric at 
pH 4.5 was noninfectious even though it had a full comple- 
ment of RNA and polypeptides (including VP4). Isoelectric 
focussing data on poliovirus also supports the hypothesis of 
Butterworth (Mandel, 1971). Virions isoelectric at pH 7.0 
and at pH 4.5 were detected. Treatments which inactivated 
infechivity (heat, adsorpu10n—-elutionet rom "cells, neutraim— 
zation by specific antibodies) irreversibly stabilized the 


capsid in the conformation with isoelectric point pH 4.5. 
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These treatments were also shown to change the antigenicity 
(ie ones Veron from Dito Cs Poliovirus can bevstabslazed in 
its native conformation by the methylthiopyrimidine S-7 
(Lonberg-Holm et al., 1975) and by glutathione (Fenwick and 
Cooper, 1962), as measured by increased heat stability. 
Human rhinovirus type 2 is similarly stabilized against pH 
and heateinactivation by SDS. These agents also anhibit 
infection of cells and cell-mediated eclipse, suggesting 
that conformational rearrangement of the viral capsid is 
Pequmred ior the infection of cells by virions. 

The observation that isolated cellular membranes can 
cause eclipse of virus (Chan and Black, 1970; Roesing et al. 
1975; De Sena and Mandel, 1976) suggests that modification 
of the adsorbed virion is attributable to a component of 
the plasma membrane, perhaps the receptor. The process by 
which the RNA genome enters the cell subsequent to the 
initial capsid modification remains obscure. lLonberg-Holm 
and Whiteley (1976) proposed that eclipse of loosely at- 
tached poliovirus results in elution of the A-particle and 
theweeclipse or (tightly ound virus results dmermtercalation 
of the lipophilic A-particle (Lonberg-Holm et al., 1976) into 
the cell membrane, followed by uncoating of the RNA. 
Alternatively, De Sena and Mandel (1977) proposed that the 
A-particles of poliovirus progress through a series of 
modification steps, ultimately leading to uncoating. The 
RNA present in A-particles becomes sensitive to ribonuclease 


following treatment with chymotrypsin or detergents (De Sena 
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and Mandel, 1976) and these authors suggested that similar 
factors may play a role in the processing of A-particles 
through a series of unstable intermediates to a final 
state of uncoating. 

Little morphological evidence concerning penetration 
and uncoating of picornaviruses is present. Engulfment of 
the virions into a vacuole has been proposed (Dales, 1973) 
but micrographs seeming to show a direct penetration of the 
plasma membrane have also been published (Dunnebacke et al., 


1969). 


Aiiterativonswor Cellular Wetabolism 


Picornavirus infection of cells produces a characteri- 
Stic early inhibition of cellular protein, RNA and DNA 
Synthesis. The rate and extent of inhibition depends on 
Swrairom virus) and cells and multiplicity of infection 
used (McCormack and Penman, 1967). In most systems analyzed, 
shutoff of host cell protein’ synthesis is complete’ by 3° to 
4 hours after infection. Shutoff is paralleled by a gradual 
disaggregation of the heterogeneous host cell polyribosomes 
(average sedimentation rate = 200 S) and the formation of 
larger virus-specific polyribosomes, sedimenting more 
homogeneously at approximately 350 S (Baltimore, 1969). 
The host cell mRNAS have a relatively long half-life 


(Greenberg, 1972) and it has been shown that the viral 
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inhibition of host protein synthesis is not due to extensive 
degradation of the cellular mRNAs, although very small 
changes in size (which are difficult to detect) may be 
adequate to inactivate these messengers (Colby et al., 
5974). This implies that» inhibition ‘occurs at the level of 
initiation and it has been suggested that a virus-specified 
protein selectively interferes with attachment of cellular 
mRNA to ribosomes (Penman and Summers, 1965; Willems and 
Penman, 1966; Baltimore, 1969). Poliovirus mutants unable 
LO ’shut Toff shost) protein synthesisymap invthe region of 

the genome which codes for structural proteins (Steiner- 
Pryor and Cooper, 1973). This evidence led: to the proposal 
thao anstructural, protein is involved inushutoff;, perhaps 
Ow 2ebing fac va) inew) initiation |facterns(Cooper :etyal ip L973; 
Wright and Cooper, 1974). However, deletion mutants which 
do not produce capsid proteins behave normally with respect 
to the inhibition. of host iprotein ‘synthesis (Coke and 
Baltimore, 1973). 

An alternative model to account for shutoff has been 
proposed by Ehrenfeld and Hunt (1971). In vitro studies 
showed that viral double-stranded RNA could inhibit globin 
synthesis in rabbit reticulocyte cell-free systems, this 
may have been accomplished by the sequestration of initia- 
tion factor eIF-3 (Kaempfer and Kaufman, 1973). Also, 
addition of double-stranded RNA to cultured cells produced 
an in vivo inhibition of protein synthesis (Cordell-Stewart 


and Taylor, 1973). However, it was later shown that both 
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viral@andecellular protein synthesis are inhibited by double- 
Stranded RNA in vitro (Robertson and Mathews, 1973; Celma 
and Ehrenfeld, 1974). In addition, shutoff occurs early 
in infection when little, if any, double-stranded RNA is 
Present. and can also occur ifiviral| RNA replication) is 
absent (Baltimore, 1969). 

Leibowitz and Penman (1971) proposed that shutoff is 
due to viral RNA being more efficient than cellular mRNA 
in fhitaating translation, ©In*vitro| studies) shows that 
uninfected and EMC virus-infected mouse cell extracts are 
equally active in translating mRNAs of either viral or 
Celiutersorigin, “but that only thesviraldimessazgesisitrans- 
Bted when viral and cellular mRNA are simultaneously added 
to the infected cell extract (Lawrence and Thach, 1974; 
tnach etral ., 1975). Also, a hypertonic medium selectively 
blocked initiation of cellular protein synthesis in infected 
cells early in the infectious cycle, while viral protein 
synthesis continued unimpaired (Saborio et al., 1974; Nuss 
et al., 1975). This model does not account for the fact 
that inhibition of cellular protein synthesis occurs before 
the synthesis of significant levels of viral RNA (Baltimore, 
1969; Nuss et al., 1975). Nuss et al. (1975) suggested, 
therefore; achat: a virus-specified product, alters a cellular 
factor, thereby affecting the rate of initiation complex 
formation for all messengers. Viral RNA with a high af- 
finity for initiation would still be translated, but 


cellular mRNAs with a low affinity for initiation would 


et ; : . : - : 7 : 
| het La TOL. senate oe 
yivem giwtao Toon mis Ts 


ne my | 
a 7 we 


| | | oe 
af AML Nol HAT ICS i din ~Om 


+1) Pes his 


gl nebins Pigs ar Lode ie 


mt c i 


bee IS i280 as 


P s AT | 


t58) Gel Team eee -wesenea a 
Fae , 
a was coy if P 
+ USC Oe | ian Lae ay _ 
ee ae we 
i ry | 7 7 ot a A ht 
‘ an ae 


aN 


\ 


ei 


es ee ti) - 14 ee 
| tn $a es 
‘te ath vars % acdc p 


aa nar 
Ved 
: jj “7 


7 >" 
ie 5 7 


— 


20 


not be translated. In vitro systems, because of their low 
face,ol initiation, would not be able to detect. this 
phenomenon. 

Inhibition of cellular RNA synthesis also occurs 
early after picornavirus infection (Baltimore, 1969) but the 
mechanism remains obscure- It would appear to be mediated 
by a virus-specified protein, since irradiation of the 
infecting virus (Franklin and Baltimore, 1962) or inhibitors 
of protein synthesis (Baltimore et al., 1963) prevent shutoff 
OEycel lular RNA synthesis.) Recently; Schwartz etal. ,.(1974) 
and Miller and Penhoet (1972) showed that nuclei isolated 
from Mengo- or EMC-virus-infected cells demonstrated an 
inhibition of RNA polymerase II activity appearing before 
inhibition of polymerases I and III, suggesting two separate 
mechanisms. However, when extracts were made from the 
nuclei these differences were no longer observed and poly- 
merase activity was fully recovered. 

Inhibition of DNA synthesis in infected cells appears 
to be a consequence of protein synthesis inhibition. This 
is supported by the observation that inhibitors of protein 
synthesis in uninfected cells mimic the shutoff of DNA 
synthesis produced in infected cells (Hand et al., 1971; 


Hand and Tamm, 1972). 


el 


Biosynthesis of Viral Polypeptides 


Early studies of the replication of poliovirus revealed 
the presence of about 14 different virus-specified poly- 
peptides in cytoplasmic extracts of infected HeLa cells 
(Summers et al., 1965). Of the 14 polypeptides, 4 were 
Shown to correspond to the virus capsid proteins (designated 
VP1 to 4) while the remaining ones were non-capsid poly- 
peptides (designated NCVP1 to 10). Summation of the 
molecular weights of the 14 viral polypeptides gave a value 
approximately twice that of the theoretical coding capacity 
of the poliovirus genome. This puzzle was resolved when it 
was recognized that the higher molecular weight polypeptides 
were cleaved after translation to yield the smaller stable 
capsid and non-capsid polypeptides (Summers and Maizel, 
1968; Jacobson and Baltimore, 1968). 

This process has also been shown to take place in 
eells ianfected.with. enteroviruses (Holland. and Kiehn, 1968), 
cardioviruses (Butterworth et al., 1971; Dubos and Martin, 
1972; Lucas-Lenard, 1974; Paucha et al., 1974), human rhino- 
viruses 1A and 2 (McLean and Rueckert, 1973; Butterworth, 
1973) and FMDV (Vande Woude et al., 1972; La Porte and Lenoir, 
1972; Black, 1975). It was proposed by Jacobson and 
Baltimore (1968) that the entire viral genome was trans- 
lated into one giant polypeptide (called "polyprotein" ) 


and that all the viral proteins were produced by subsequent 


cleavages. 


Ae 


Polyprotein isnot normally observed in’ labelled cell 
exvsacic.s” One “exception is coxsackie virus-infected “cells 
in which a polypeptide of MW 200,000 has been detected after 
a short pulse label early in infection-(Kiehn and Holland, 
1970). Polyprotein can be detected if proteolytic cleavages 
im infected cells are inhibited by incorporation of amino 
acid analogues (Jacobson et al., 1970; Paucha et al., 1974), 
by addition of protease inhibitors such as TPCK or TLCK 
(Korant, 1972; Summers et alve LO7Z More by sane sons 
(Butterworth and Korant, 1974). Some temperature-sensitive 
mutants of poliovirus also accumulate high molecular weight 
precursors at the restrictive temperature (Garfinkle and 
Tershak,” 1971). Inthe absence off inhibitors ‘the largest 
polypeptide normally found in infected cell extracts has 
amobecular weight of 100,000 to 130,000 (Jacobson et al.’, 
1970; Butterworth and Rueckert, 1972a), indicating that 
cleavages occur on nascent polypeptide chains. 

Studies jon fhe i vitvo translation of picornavirus 
RNA revealed only one initiation site at or near the 5” end 
(Oberg and Shatkin, 1972; Boime and Leder, 1972; Smith, 
1973), a result which is compatible with the idea af poly- 
protein being equivalent to the uninterrupted translation 
of the entire genome. Also revealed was the presence of a 
short "lead-in" polypeptide which was rapidly cleaved from 
the 5% end of the capsid precursor following initiation of 
translation. This polypeptide was then rapidly degraded 


(Smicthin 2973). The’ presence* ofsa Unique simitiation site 
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made possible the genetic mapping of the polypeptides using 
pactamycin, a drug which specifically inhibits initiation 
of protein synthesis (Taber et al., 1971; Summers and 
Maizel, 1971). Using this technique, it has been shown 

that the pattern of post-translational cleavages leading 

to the generation of the stable end products is very similar 
for EMC virus (Butterworth and Rueckert, 1972b), Mengo virus 
(Lucas-Lenard, 1974; Paucha et al., 1974), poliovirus 
(Butterworth, 1973), rhinovirus 1A (Butterworth, 1973; 

McLean and Rueckert, 1973) and FMDV (Sanger et al., 1977). 
The models of polypeptide synthesis and processing for 
Mengo virus and poliovirus are presented in Figure l. 

In Mengo virus-infected cells, three large poly- 
peptides designated A, F and C and two smaller polypeptides 
designated G and H are produced by primary cleavages of the 
Mascent polyprotein. Polypeptide A, translated from the 5° 
region of the genome, is the precursor for the virion capsid 
proteins and is processed by a series of secondary cleavages 
GOmeAvene jovand vy.) “The cleavazesor € to 6 and 6B is termed 
a morphogenetic cleavage and occurs during encapsidation of 
the viral RNA (Jacobson and Baltimore, 1968b). Polypeptide 
Ge wtransilated from the 3% region of the viral RNA, valso 
undergoes secondary cleavages to yield D and then E, which 
is stable. Polypeptide F, produced during the primary 
cleavages, is also stable. 

The nature of the enzyme(s) involved in these cleavages 


is unknown. The primary cleavages, which can be inhibited 
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Figure 1. Cleavage schemes for Mengo and Polio virus- 
Specific polypeptides. Numbers below the lines refer to 
molecular weight, in thousands, of each polypeptide. 


25 


by TPCK or TLCK, appear to be mediated by cellular proteases. 
Korant (1972) showed that poliovirus polyprotein, isolated 
from monkey-kidney cells infected in the presence of TPCK, 
could be cleaved by uninfected cell extracts into products 
identical to those produced by in vivo primary cleavages. 
Conformation of the polyprotein also appeared to be 
important since a-chymotrypsin could cleave native poly- 
Preecin itntosproductssimilar to those produced with 
infected cell extracts but cleaved denatured polyprotein 
into, small fragments. Korant (1973) also demonstrated 
that the secondary cleavages of capsid precursors are 
probably mediated by a viral specific enzyme. Partially 
purified polypeptide la of poliovirus (analogous to poly- 
peptide A of Mengo) could be cleaved by extracts of infected 
cells to yield the capsid proteins. Uninfected cell extracts 
didmmOs wcontaim this activa ian 

Another distinct viral-coded protease appears to be 
present in infected cells. EMC RNA translated in an in 
vitro cell-free system from uninfected cells, yields as one 
of its products a polypeptide slightly longer than poly- 
peptide A (Lawrence and Thach, 1975). This polypeptide 
was identical to A except for an extra 12,500 daltons of 
peopeim at the amino terminal end. Infected cell extracts 
did not produce this larger version of A, but an additional 
small protein of MW 12,500 was present. The activity 
responsible for this cleavage copurified with the viral 


capsid protein y. Since the y sequence is contained in A, 
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this process may be autocatalytic. 


Replication of Viral *RNA 


In addition to its role as messenger, infecting 
picornaviral RNA acts as a template for RNA replication. 
Kinetic analysis shows that replication of viral RNA begins 
Vioitorialt “ar Nour of the initiation Of intection and 
proceeds exponentially until approximately 3 to 4 hours 
post-infection when the rate of synthesis becomes linear 
(Baltimore, 1969; Darnell et al., 1967). The rate remains 
meicar tor about 1 hour and then declines sradually until 
replication ceases at 7 to 8 hours (Baltimore et al., 1966; 
Darnell et al., 1967). Once formed, a new RNA molecule 
becomes available for replication, translation or ultimately, 
encapsidation. The control processes which decide the fate 
of a newly synthesized RNA molecule remain to be clarified. 
It has been proposed that encapsidation of newly synthesized 
viral RNA, which would limit the availability of replicative 
template, is responsible for the alteration of RNA synthesis 
kinetics from the exponential to the linear form (Baltimore, 
TOGO) 

Replication of the viral RNA takes place exclusively 
in the cytoplasm on smooth membranes which make up a struc- 
ture referred to as the replication complex (Caliguiri and 


Tamm, 1969; Caliguiri et al., 1973). This complex, sediment- 
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ing at 250 S, contains all of the viral RNA polymerase 
activity and replicating structures, referred to as replica- 
tive intermediates (RI). RI consists of a Single strand of 
template RNA hydrogen-bonded to the growing 3” ends of 
progeny molecules whose completed 5% ends are free (Thach 
ev al., 1974; Bishop and Levintow, “1971; Levintow, 1974). 
Gie "ni -liself sediments “at 20'= 70%S “11 sucrose-sradients, 
indicating heterogeneity in size. Evidence that the RI is 
a functional intermediate in the synthesis of viral RNA was 
obtained by in vitro pulse-chase experiments which showed 
flow of radioactive label from RI structures into single 
stranded progeny molecules (Girard, 1969; McDonnell and 
Levintow, 1970). 

Thevintectinge viral RNA initially acts asa template 
for the simultaneous formation of six to seven strands of 
complementary RNA (cRNA; Baltimore, 1968), each one being 
synthesized by a separate polymerase molecule, in the RI 
structure. The cRNA then serves as a template for the 
Synthesis Of viral plus strand RNA molecules; *also“in an 
RI structure. Most of the RIs extracted from infected 
cells contain a complete single-stranded template of cRNA. 
From 5 to 10 times as much VRNA is produced than cRNA 
(Baltimore, 1969). Genetic evidence suggests that different 
polymerases may be involved in the synthesis of cRNA and 
viral (plus) RNA. Temperature sensitive mutants of polio- 
virus synthesize either no RNA or only cRNA, and these 


mutations map in slightly different places within the 
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genome (Cooper, 1970). 

In addition to the 250 S replicative complex which 
makes mostly viral RNA, a minor fraction sedimenting at 
(9 3 has. also been identified (Caliguiri, 1974). This 
smaller complex produces mostly cRNA, suggesting that it 
is the primary site for cRNA synthesis. Thus, there may 
besdifferent cellular locations for the two replication 
complexes. 

Also present in infected cells is a fully hydrogen- 
bonded double-stranded RNA called the replicative form 
(RF). It accumulates only late in infection (Baltimore 
and Girard, 1966)..and.this fact, along with pulse-chase 
experiments (Baltimore, 1968; Girard, 1969) suggests that 
itetc.a. byproduct,.of) the Ri. (Bishop and, hevintow, 1971). 

Data which showed that picornavirus RNA synthesis 
does not occur in the nucleus (Franklin and Baltimore, 1962) 
together with the observation that these viruses replicate 
in the presence of Actinomycin D (Reich et al., 1962) 
implied the presence of a virus-induced RNA dependent RNA 
polymerase (replicase). The first evidence for such a 
replicase was obtained with Mengo virus-infected cells 
(Baltimore and Franklin, 1962, 1963) and poliovirus-infected 
cells (Baltimore et al., 1963b). When isolated from cyto- 
plasmic extracts, the replicase activity was found to be 
associated with a replication complex which included 
protein, nucleic acid and smooth cytoplasmic membranes. 


Activity of the replication complex in vitro was limited 
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to completion of previously initiated viral RNA strands 
(Girard, 1969; Dietzschold and Ahl, 1970). Dissociation 
of the replicase from membranes with detergents resulted 
tieastapid, Irreversible loss of activity (Girard et ali, 
1967; Plagemann and Swim, 1968). The instability of the 
replicase has made definitive studies of its composition 
and enzymatic properties very difficult; nevertheless some 
progress has been made. A partially purified replicase 
complex from EMC virus-infected cells was shown to contain 
five polypeptides, one of which has a molecular weight 
identical to the viral non-structural protein E (Rosenberg 
et alw, 1972). This replicase was able to polymerize 
guanylate residues using GTP and a polycytidylate template. 
Analysis of the replicase extracted from poliovirus-infected 
cells showed the presence of predominantly one virus- 
specific polypeptide which co-migrated with the poliovirus 
equivalent of E (i.e. NCVP4; Lundquist et al., 1974). 
Recent studies with Mengo virus (Roesch and Arlinghaus, 
1975), EMC virus (Traub et al., 1976) and FMDV (Polatnick 
e@ttal., 1967) have also indicated a roletior polypeptide 

E in the replicase activity. A primer-dependent RNA poly- 
merase able to copy a poly(A) template has recently been 
isolated from poliovirus-infected cells (Flanegan and 
Babraimore »vi977).< o The siidentity so thesviral=speciticmpoly— 
peptide(s) responsible for this activity was, however, not 


established. 


Together, these observations suggest that the picorna- 
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virus replicase is composed of a viral polypeptide (poly- 
peptide E) in association with yet to be characterized 


cellular polypeptides. 


Virion Assembly 


mecombiyy OL thes picornavirionms. occurs: im avisenies. of 
steps in which individual polypeptides aggregate in equi- 
moOLaraAproporbions, into.structures, of increasing size, which 
combine with RNA and ultimately form a complete virion. 
Caliguiri and Compans (1973) suggested that assembly 
occurs on the smooth cytoplasmic membranes, in conjunction 
Wikbiey tral RNAyreplication. 

Much of the assembly process has been clarified by 
an examination of sub-viral particles isolated from infected 
cells. Early studies on poliovirus assembly demonstrated 
the presence of a 5S particle composed of one molecule 
sachwoia he, polay.peptidesa VP0,, VEL and wVPo (Phillips etal. 
1968)..., It was proposed that five of these 5 5S particles 
aggregated to form the 14 S structure also isolated from 
Tapected cells (Phillips *anderennel~® 19731) Pnilvipe, 197). 
In 1971, Maizel et al. examined the “empty capsids” extracted 
from poliovirus-infected cells and showed that they were 
composed of equimolar amounts of VPO, VP1 and VP3. 
Jacobson and Baltimore (1968b) subsequently demonstrated 


that the 73 S empty capsids accumulated in poliovirus- 
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infected HeLa cells to which 3mM guanidine hydrochloride 
had been added. Removal of guanidine resulted in a flow 

of radioactive label from empty capsids into mature polio- 
virions, suggesting that this structure, which they termed 
the" procapsid”, was an assembly intermediate. Also found 
in poliovirus-infected cells was an entity, sedimenting at 
N25 5, called the "provirion” (Fernandez-Tomas and 
poakorore, 1973). “The provirionm was identical to the 73 S 
Brocapsid except that it also “contained a 35 S single- 
stranded viral RNA molecule. This data implies that during 
PTemeacsemoLly Of poliovirus, RNA’ is inserted’ into @ 73-8 
procapsid before the final proteolytic (morphogenetic) 
cleavage of VPO to VP2 + VP4 which produces the mature 
mervonw With the demonstration that 1+ 5, particles could 
aesemule into 73'S procapsids in vitro (Phillips, 1969, 
1971), and the observation that this process was stimulated 
bvyeaddic ion Of a rough cy soplasmic mempranemrraculon, from 
inrected cells (Pérlin and Phillips, 1973), it appeared that 
the complete scheme for poliovirus morphogenesis had been 
resolved. This assembly sequence (Phillips, 1972; Casjens 


ana Kine, 1975) 1s Shown below. 


NCVPla —» (VPO,1,3) —9 (VP0,1,3),—~ [(VPO,1,3) hh» 
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However, some doubt exists as to the role of the (opt DEO 
capsid invirion assembly. Poliovirus-infected MiO cells 
accumulated 14 S rather than 73 S particles in the presence 
of guanidine (Ghendon et al., 1972). Removal of the inhibitor 
mesuitedery 2 direct flow of radioactive label from the 14s 
particles into mature 155 S virions without the appearance 
Ote/> +>) procapsids. Thus, the ‘procapsid may besa product 
of abortive assembly or a storage form of excess 145 
particles rather than an obligatory intermediate in 
assembly. Also, a direct kinetic precursor-product 
relationship between the 5S and 14S particles of poliovirus 
has yet to be demonstrated. 

Stages in the assembly of cardioviruses appear to be 
somewhat different from those of poliovirus. McGregor et 
al. (1975) have shown that EMC virus-infected HeLa cells 
contain two capsid precursor particles sedimenting at 13 8S 
anawrl ss. Kinetic Tanalysisishowed thavithegi3eSnparticke 
(a pentamer of the capsid precursor polypeptide A) was 
converted into the 14 S particle (a pentamer of €, aq and 
y. polypeptides), demonstrating that in apparent contrast to 
poliovirus assembly, the precursor polypeptides aggregate 
before proteolytic cleavages occur. The model proposed by 


McGregor et al. (1975) for EMC virus assembly is Shown below. 
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Cardiovirus-infected cells do not produce stable 73 S 
empty capsids. Also, in vitro treatments which produce 
empty capsids from purified enteroviruses do not form 
empty capsids from cardioviruses (Rueckert, 1976; Scraba 
ands © Ole, 90746). 

Mowesmecentiy,. however. additwonal “Subviral’ particles 
Name been detected dan 'cardiovirus=—infected celast.) A 
particle composed of five B polypeptide chains has been 
identified in cells infected with EMC or rhinoviruses 
(McGregor and Rueckert, 1977) and a 50 S particle composed 
Omne,nd andyys polypeptide, chains has-beeniidentifiled? in 
Mengo virus-infected cells (Lee et al., 1978). 

Using this information as background, experiments 
described in this thesis were undertaken to characterize 
more fully the structure of the intact Mengo virion and its 
RNA. The disposition of the capsid polypeptides with 
respect to the external surface of the intact Mengo capsid 
have been examined by immunological and iodination techniques 
and the results compared to the data obtained with other 
picornaviruses. The non-capsid polypeptides E and F have 
been isolated and partially characterized in an attempt to 


assign enzymatic activities to these polypeptides. 
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If. ROUTINE MATERIALS AND METHODS 


Tissue Culture Media 


sterilization procedures. All media were sterilized 


Oye iitvacion through nitrocellulose filters with a. pore 
Size of 0.22 microns (Millipore Corporation, Bedford, Ma.). 
Growth medium. Eagle's basal medium (BME diploid) 
with Earle’s salts and glutamine (catalogue number G-13) 
was obtained in powdered form from the Grand Island Biological 
Company, Grand Island, New York. Themedium was dissolved in 
distilled, deionized water and sodium bicarbonate was added 
moO anitial~ concentration: of 0. 127%before filtration. ‘Wefore 
use this medium was supplemented with: 
(1) Horse serum (Flow Laboratories, Rockville, Md.) 
Tovar inal. coneentrat vons ols, sor (2uowt hwor 
cells or 4% for product ionvoimyirus: 
(29) Penaca tim 6 (Glaxco-Al lenburys itd. aworonto, 
Ont.) and streptomycin sulfate (Sigma Chemical 
Got. [VSPe Louish? Moa) sto" Lingle concenerat tors tom 
100 W and 50 pe/ml respectively. 
This mediumwas used for growth of cells in roller bottles, 
Blake bottles and tissue culture flasks. 
Spinner medium. This medium, used for growth of cells 
in spinners, was identical to Eagle's basal medium except 
for the omission of calcium from the starting powder 


(minimum essential Eagle's medium F-14, containing spinner 
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salts = “Grand Island. Biolosicala Go.,). 

Amino acid deficient medium. Composition of the 
medium was similar to Eagle's basal medium (diploid) except 
that it contained twice the normal amount of calcium chloride 
(400 mg/l) and no amino acids other than glutamine. Sodium 
bicarbonate was added to a final concentration of 0.06% 
before filtration. Sterile medium was supplemented with 
1% horse serum and antibiotics as described above. 

Virus diluent. Phosphate-buffered saline (PBS) of 
Dulbecco and Vogt (1954) was supplemented with 0.2% bovine 
serum albumin, fraction V (Gallard-Schlesinger Chemical 
Magunac turing ,orp.,»Carle Place, )NnY =) 5.0. 00272 aphenel ered 
Cieleesaker Chemical.Co.., Phallinspure Ned... \andspenicihlin 
and streptomycin sulfate at 200 IU and 100 pg/ml jrespectively. 

Overlay diluent. This solution contained three times 
eienwormal concentration. O21, Hank sisalltic ws «ec imes snormedt 
concentrations of both Basal Eagle's amino acids (Baltimore 
Baolosical Laboratory, division of BectonsD1ckinson sand 
Company, Cockeysville, Md.) and MEM vitamin solution (Gibco), 
five times the usual concentrations of penicillim and ‘strepto— 
mycin (i.e. 500 IU and 250 pg/ml respectively), 0.78% sodium 
bicarbonate and 30% inactivated (56° for 45 min.) calf 
serum. 

Agar overlay. This was prepared by mixing 1 volume 
of overlay diluent with 2 volumes of a 1.6% solution of 
Noble agar (Difco Laboratories, Detroit, Mich.) in distilled 


water at 45°, 
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Cul turedi in Celis 


Earle'’s L-929 strain of mouse fibroblasts (Sanford et 
al., 1948) were used for growth and plaque assay of Mengo 
virus. They were originally obtained from the American 
type Culture Collection, Rockville, Md. Cells were main- 
tained in monolayer culture in l-liter Blake bottles (Kimble 
Fooducts, Owens-Illinois Co.,"To6ledo, Ohio). When the 
cultures had reached confluence the growth media was removed 
and the monolayers rinsed with a solution of 0.25% trypsin 
(Dateo) in’ buffer containing 10 mM phosphate pH 7.4, 142.8 mM 
sodium chloride and 2.8 mM potassium chloride and incubated 
at room temperature until the cells began to detach (1 to 2 
minutes). Cells from one bottle were resuspended in BME- 

5% HeS. and used to maintain the Blake bottle stock. The 
remaining cells were resuspended in spinner medium and trans- 
ferred to 1l- or 2-liter spinner flasks (Bellco Biological 
Glassware, Vineland,/Nid<)) atwavconcentration of2 x 10° 
cells per milliliter. Cells were kept in suspension by 
means of a magnetic stirring device while growing at 37°. 

L cell monolayers were also grown in large cylindrical 
bottles (490 mm x 110 mm in diameter - Bellco Biological 
Glassware), coated with fetal calf serum (Flow Laboratories) 
prior to seeding in order to facilitate the attachment of 
cells. The roller bottles were either seeded directly 

with cells from Blake bottles (one Blake bottle of cells 


per roller bottle) or by cells harvested from spinner 
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8 cell seinra cvolume 


cultures. In both cases approximately 10 
of 100 ml fresh growth medium were added per roller bottle. 
The bottles were rotated at 0.5 rpm overnight after which 
the speed was increased to 1 rpm. Monolayers reached 


confluence after 48 hours of growth at 37°. 


Virus 


The M plaque-type variant of Mengo encephalomyo- 
Candi tis Virus, oniginally isolated by Ellem and Colter 
(1961) was used throughout these studies. 

Virus growth in roller bottles. Growth medium was 
poured off confluent monolayers and was replaced by 20 ml 
of growth medium (supplemented with 1% horse serum) con- 
haying the virus inoculum (about 108 Diu per Mil piliter 
fiving a moi of about 10). The bottles were rotated at 
Meron or 20.0 24 hours: by which timesmostecerl1 shad 
lysed; any remaining cells were dislodged from the glass 
by shaking, and the infected lysates were pooled. 

Virus purification. The procedure used) fori airus 
purification has been described by Ziola and Scraba (1975) 
and involved methanol precipitation, treatment with a- 
chymotrypsin, differential centrifugation, sedimentation 
through sucrose and equilibrium centrifugation in CS5SO),- 


Preparation of radioactively labelled virus. Confluent 


monolayers of L cells in roller bottles were infected with 
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Mengo virus in the amino acid deficient medium described 
previously. Ninety minutes to 2 hours post infection, a 
mixture of FH- or T Coalaneied amino acids (New England 
Nuclear, Montreal, Que., catalogue numbers NET-250 and 
NEC-445 respectively) were added to a final concentration 
Gteceucinper milliliter vand/0.2 pCi ~persmillaliterm respect— 
ively. The cells were rotated for an additional 20 to 24 
hours before virus was harvested and purified. 

Plaque assay of infectious virus. The procedure 


Pocdewas that described by.Campbell and Colter,(1965).. 


ae eer eee . 
| mt ; a ea 
hen drcrsrely wae oend 
@ aatter tl tam iow ie 
bus ign wan Lop onleal | 
bade Emp apes ey: 
bos pagagenoe Cenk} a oF: pean. a 
voactmerr, SERIES ae aq 2D Sap pis 
ites. ba Nisin: veda. 


aie a een ' op Aocy 
aa ah ee Me 


IIl. SURFACE STRUCTURE OF THE MENGO VIRION 


introduction 


The arrangement of the polypeptides within the picorna- 
virus capsid and the individual roles of each polypeptide 
have only recently begun to be examined and understood. It 
has been proposed that VP4 serves as a carrier of D (native) 
ag@trsenicity on the surface of »polio virions (Breindl,«1971b) 
and that it is the viral component which recognizes cellular 
receptors during attachment (Breindl, 197la). Data obtained 
with eluted coxsackievirus B3 was also interpreted as 
indicating that VP4 was located on the surface of the 
native virion (Crowell and Philipson, 1971). Although this 
model was accepted by the Study Group on Picornaviridae 
(1975), recent work has challenged this interpretation. 
Talbot et al. (1973) showed by complement fixation that VP4 
was not located on the surface of the native FMD virion. [In 
addition, Lonberg-Holm and Butterworth (1976) and Beneke et 
al. (1977) have shown that iodination of native polio virions 
with 1255 labeled the VPl1 polypeptide predominantly, with no 
labeling of VP4.  Iodination of native bovine enterovirus 
particles labeled only VPl (Carthew and Martin, 1974) while 
reaction with pyridoxal phosphate followed by reduction with 
7H sodium borohydride labeled VPl, VP2 and VP3 (Carthew, 
1976). In no instance was any labeling of VP4 observed, 


indicating that none of its tyrosine, hystidine or lysine 
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residue are exposed on the external surface of the virus 
particle, 

The identity of the asymmetric structure unit (aBy) 
and its disposition in the Mengo virus capsid (60 copies; 
T=1 icosahedral lattice) have been determined (Mak et al. 
1974), but the detailed spatial relationships among the 
G5 Bony and 6 polypeptides remain to be described. Results 
detonlecd anethisschapter show thatthe surrace or therintac. 
Mengo virion is occupied primarily by the a polypeptides, 
and to a lesser extent by 8. Both enzymatic iodination 
and immunological tests demonstrated this polypeptide dis- 
“rib 1On,  andsathe immunological» datas indicates that) the 
a polypeptides are primarily responsible for attachment of 


the virion to susceptible cells. 


Materials and Methods 


Lactoperoxidase-catalyzed iodination of intact and disrupted 
virions 

These experiments were performed by B.R. Ziola. They 
are included in this thesis because the results are com- 
plementary to the immunological data. 

Solid-state bovine! lactoperoxidaseiwasepnepared by 
coupling the enzyme (Sigma Chemical Co.) to CNBr-activated 
Sepharose 4B (Pharmacia) by the procedure of David and 


Reisfield (1974). The preparation, having a final enzyme 
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econeentration of 0.5 mg/ml of settled beads, was stored at 
4° in PBS (Dulbecco and Vogt, 1954) containing 2 x TOT M 
Merthiolate. Aliquots of the enzyme preparation were washed 
twice with PBS prior to use. 

Iodination of intact virions was accomplished by the 
Paditi om, im Sequence, Of: 75 il Of *PBow (or 75 pl PBS *con- 
taining 4 x foq? M carrier’ Nal )ylOsutle of- colid—-state 
lactoperoxidase suspension, 10 pl of ea (150 pCi; Amersham) 
andor l “of 0.715% H50, tires oO LO0MMe er puri: tedeyitrirone 
in 200 pl of PBS. Reactions were allowed to proceed at 
moommremoerature tor 1, )15 or 30 minutes; additional aliquots 
of H505 being added at 7.5 minute intervals for the latter 
two incubation times. During the reaction period, the 
mixtures were continuously agitated in order to keep the 
solid-state enzyme in suspension. Reactions were terminated 
Gersheraddition of SO°nl of 0:5 MNal andy O92 M NaN3 an PBS, 
followed by low speed centrifugation to remove the lacto- 
peroxidase-sepharose beads. JIodinated virus was separated 
from free 425t by "Centvritucation wnroush, a solution of 157 
sucrose in PBS using a Spinco Type 50 rotor (45,000 rpm, 4 
hours, 4°). The pelleted virus was resuspended in 0.01 M 
sodium phosphate (pH 7.4) containing 2% SDS, and aliquots 
containing 50 pg of protein were made 5% in 8-mercapto- 
ethanol, heated at 100° for 5 minutes and loaded onto 10% 
polyacrylamide -0.1% SDS gels prepared as described by Ziola 
and Scraba (1974). 


Disrupted virions were prepared by heating 50 pg of 
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Puri ited varus in 100i of 0.2% SDS.in PBS at 100° for 7 
minutes. The constituent polypeptides were iodinated as 

above following dilution to 200 yl with PBS. The iodinated 
polypeptides were separated from free ee by chromatography 
on a Sephadex G-25 (fine) column which was equilibrated 

with PBS containing 0.1% SDS. The polypeptide — containing 
fractions were dialyzed against 0.1% SDS in distilled water, 
then lyophilized. The iodinated polypeptides were resuspended 
in buffer, heated, and subjected to SDS-gel electrophoresis 


Bcrdescri bed above. 


Antisera 

Antiserum specific for the 13.4 S viral capsid sub- 
units [(aBy)« | (Mak et al., 1974) was prepared by injecting 
rabbits with the subunits purified as described by Mak et 
als, 1971. The inoculation schedule consisted of an intra- 
muscular injection of 500 pg of capsid subunits in Freund's 
complete adjuvant followed by an intravenous injection of 
POoy western wubunits: ins PBS. fawe, weeks, 1aueu., ~Blood was .col— 
lected before the immunization procedure (for production of 
control serum) and two weeks after the intravenous injection. 

Antiserum specific for ana +@,polypeptide mixture 
was also prepared. The antigen was purified by heat- 
disrupting virus in the presence of 2% SDS and 5% g-mercapto- 
ethanol followed by the separation of these two species from 
the other capsid polypeptides by electrophoresis in SDS- 
polyacrylamide gels. Remazol brilliant blue (RBBR)-myoglobin 


nal Pe h Pier | 


Were [Gf te vor oa 

‘ea x axarrlbil oe wabhy aw te ¥ 

bib tnctdo,t ty we oe. sh tw ‘a Ao 

eta 2a a gest gerd nectty J 

st tps $24. G01 a5 meal ag Ae : 

So oe ners pce lang. 

' nani ii = 1 2a we os i 
rhe saw Sekt ting Can sepertoal | fetes 

prunes Leset wt samme tall as 

oe mae | 

hy’ we. wee x > 

Reson | 


F 
+2 oe ee 
ot Qe bese clea es hes . “- | 


és ah Div [Be neh 2505 
bi oe ie Shire 
'o pale eet epinaikes emai 
1a a sah tt A 

a ne hee ay | | 


otrapiries i] 


43 


and RBBR-lysozyme (Griffith, 1972) were used as markers to 
Iseate’the region of the gels containing the a and 8 poly- 
peptides. These gel segments were excised and emulsified 
mechanically in a 1:1 mixture of 0.1% SDS in 0.1 M sodium 
phosphate (pH 7.4) and Freund's complete adjuvant. A 
rabbit was innoculated intramuscularly and subcutaneously 
every 14 days with a total of approximately 400 pe of 
antigen. Blood was collected before immunization (for 
production of control serum) and one week following the 
Sich pair of injections. 

Antisera specific for the individual a, 6, y and 6 
viral capsid polypeptides were prepared using the purified 
pelypeptvdes '(Ziollaand Scraba, 1975, 1976)" as antigens. 
Fractions from a SDS-hydroxylapatite column containing the 
individual polypeptides were dialyzed against 0.1% SDS in 
0.01 M sodium phosphate (pH 7.4), and assayed for purity 
by analytical electrophoresis on SDS-polyacrylamide gels. 
The immunization schedule consisted of intravenous injection 
invorrabbits”of 100° pe aliquots of each polypepvide prepara-— 
tion. Concurrently, 100 pg aliquots of each polypeptide (20 
yg in the case of ¢) were emulsified with an equal volume of 
Freund's complete adjuvant and injected intramuscularly. 

The intramuscular injections were repeated six times at two- 
week intervals. Blood was collected before immunization (for 
control serum production) and one week after the last 


intramuscular injection. 


In all cases, the blood was allowed to clot at room 
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temperature for one hour and then stored overnight at eo. 
ihewetotiwaspcoilécted by centrifugationiat 11000 ve) for 110 
minutes and the serum supernatents removed. Serum was 
divided into 5-ml portions and stored at -20° in the 


presence of 0.01% sodium azide. 


Immunodiffusion 

The procedure used was a microadaptation of the 
double diffusion method of Ouchterlony (1948). <A plexiglass 
template (1.5 x 1.5 inches with wells 3 mm in diameter con- 
taining stainless steel ball bearings) was supported on a 
pextexinches slass slide by short pieces of nyLon«fishing 
line. Melted agarose (1% in PBS or 0.1 M sodium phosphate, 
pH 7.2) was poured between the templates and slides and 
allowed to solidify. The ball bearings were then removed, 
thenwolls filled*with’the appropriate wditutions ofsantigen 
andasntusena)sand'ithe slidesaincubatedjfiori2 to 34days at 
room temperature in humidified chambers. Following incuba- 
tion, the templates were removed and the slides soaked over- 
night in PBS. The slides were stained with 0.25% Coomassie 
brilliant blue R (Sigma Chemical Co.) in 9% acetic acid-45% 


methanol and destained in 7.5% acetic .acid-5% methanol. 


Complement-fixation (CF) tests 
A standardized diagnostic complement fixation procedure 
was used throughout these studies (Casey, 1965). Hemolysin 


and guinea pig complement were obtained from Flow Laboratories 
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(Inglewood, Ca.). Sheep blood was collected in an equal 
volume of Alsever's solution, and the red blood cells al- 
lowed to stabilize at 4° for 3 to 5 days before using. The 
antigens employed in the assays were freshly purified 

intact virions in 0.1 M sodium phosphate (pH 7.4) or 

virions which had been disrupted by heating at 56° for 10 
minutes in 0.14 M sodium chloride, 0.02 M sodium phosphate 
(pH 6.2). The concentrations of the viral protein antigens 
were adjusted to approximately 230 pg/ml prior to making 
serial dilutions. The sera were diluted 10-fold with 
Veronal buffer and the endogenous complement activity in- 
activated by heating at 56° for 30 minutes. Serial dilutions 
of the inactivated sera were then made and used in the 
assays. Complement-serum controls indicated that the anti-8, 
-y and -6 sera were anticomplementary at dilutions less 

than 1/80 to 1/160. This activity Was removed by pre- 


treatment with guinea pig complement (Schmidt, 1969). 


Plague-neutralization (PN) tests 


A standard virus suspension was prepared by diluting 
purified virus to a concentration of 1200 PFU/ml, using 
Virus diluent. Twofold serial dilutians of sera were made 
using virus diluent and 0.2 ml samples mixed with 0.2 ml 
aliquots of standard virus suspension. The mixtures were 
incubated at 379 for 1 hour and then assayed for their 
ability to form plaques in L cell monolayers (Campbell and 


Gousherus)965)-. 
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Plaque-neutralization enhancement (PNE) tests 


ineeertain cases, viral infectivity is now neutralized 
by formation of a simple virus-antibody complex. In such 
instances, heterologous anti-globulin must be added to 
produce "neutralization enhancement™ (Wadell, 1972). To 
test for such a phenomenon in this system, plaque neutraliza- 
tion mixtures were set up and incubated for 1 hour as 
described above. A further 0.2 ml of virus diluent con- 
taining a 200-fold dilution of goat anti-rabbit IgG serum 
(27-9 ne of antibody protein per milliliter of antiserum’ 
Miles-Yeda Laboratories) was then added to each test serum 
dilution and these were then incubated at'37° for an addi- 
tional hour. Aliquots were then assayed for plaque-forming 


ability as described above. 


Hemagglutination-inhibition (HI) tests 


The microtechnique of HI titration described by Sever 
(1962) was employed. The buffer used for making dilutions was 


0.05 MH C T2* Me Ket, ples. 0. r= seray were Kaolansadsorped 


ee 
(Spence, 1968) prior to making the twofold serial dilutions. 
A virus suspension containing 4 hemagglutination units was 
added to the serial dilutions of sera*and incubated at room 
temperature for 2 hours. A 0.5% (v/v) suspension of human 
type O=eryunrocytes in borate butter (made from a standard- 
ized 20% suspension of erythrocytes in Alsever's solutian ) 


was added to the dilutions and incubated for an additional 


hour before reading the results. 
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Results 


Iodination of Mengo Virions 


Todination of intact Mengo virions with 1257 results 
in the incorporation of label primarily into the a poly- 
peptides (Figure 2A). The 8 polypeptides are labeled to a 
Hesser extent, and only trace amounts of label are found in 
the y and 6 polypeptides. These labeling conditions (i-e., 
l-minute labeling without carrier NaI) produce minimal 
capsid alterations so the labeling pattern observed probably 
reflects the native capsid conformation. lLactoperoxidase- 
catalyzed iodination labels the aromatic ring of tyrosine 
residues almost exclusively (Phillips and Morrison, 1970). 
Meno virucwa, 8, vyiuend 6 polypeptides contain 11), 10,11 
enduoecyrosine residues, respectively (Ziolaland Sseraba, 1975). 
Using these two observations, it is possible to calculate the 
relative accessibility of the tyrosine residues of each poly- 
peptide to radioiodination (Table 2). If a random distribu- 
tion of tyrosine residues in each polypeptide is assumed, it 
can be estimated that the a polypeptides occupy approximately 
75% of the external surface of the virion and the g poly- 
peptides, 25%. The tyrosine residuesj gf the y and 6 poly- 
peptides are apparently not exposed on the exterior of the 
¥ieueeca psu d.. 

Ragatdonnwot 1 9x 107? M carrier NaI to the l-minute 
enzyme-catalyzed reaction resulted in an increased labeling 


of the 8 polypeptides relative to the a polypeptides (approx- 
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Figure 2. The polypeptides of Mengo virions labeled in vitro 
by lactoperoxidase-catalyzed iodination. The procedures and 
conditions for 125I iodination are described in Materials and 
Methods. The recovered virions (50-pg aliquots) were dis- 
rupted by boiling in a solution containing 2% SDS and 5% B- 
mercaptoethanol, then layered onto 0.6 x 20 cm gels of 10% 
polyacrylamide-0.1% SDS and electrophoresed for 15 hr at a 
current of 6 mA per gel (Ziola and Scraba, 1974). Following 
electrophoresis, the gels were stained with Coomassie bril- 
liant blue R (Weber and Osborn, 1969). Each gel was cut 
between the a and 8 polypeptide bands before being fractioned 
Sito bomm Slices... The radmoactivity im the gell slices was 
determined by counting in an LKB Wallac gamma counter. These 
experiments were all done on the same day, with the same 
bateh of virus in order to Standardize conditions and" permit 
comparisons. Panel A: Iodination for 1 min: no carrier Nal 
present; panel B: Iodination for 1 min; 1 x 10-5 M NaI 
Present; panel Cr ilodination for 15 min;yetno carrier Nat 
present; panel D: Iodination for 15 min: 1 x 107-5 NaI 
present. 
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TABLE 2 


LACTOPEROXIDASE-CATALYZED IODINATION OF INTACT AND 


DISRUPTED MENGO VIRIONS 


—_—_——————— SSSSSSSSSSSSSSSSSSSSSSFSsFsFFFsSMSSFMSSFMsFsseF 
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Incubation I Incorporation per tyrosine residue for polypeptide’ 
Conditions a 8 Y 6 
1 min, minus 

carrier Nal 1.00 0.31 trace trace 
1 min, plus 

carrier Nal 1.00 0.57 trace trace 
15 min, minus 

carrier Nal 1.00 0.97 trace trace 
15 min, plus 

carrier Nal 1.00 ita ks} 0.18 0.23 
Disrupted virus, 
30 min, plus 

carrier Nal 1.00 0.97 1.08 0.26 


Theoretical relative 
1251 incorporation> 1.00 0.91 1.00 0.27 


® amino acid composition analyses have shown that the a, 8, y and 6 
polypeptides contain 11, 10, 11 and 3 tyrosine residues respectively 
(Ziola and Scraba, 1975). For each incubation condition, the actual 
radioactive counts have been normalized to a value of 1.00 per tyrosine 
residue for the a polypeptide. The values shown for the other poly- 
peptides are counts/min/tyrosine residue relative to a. 


2 These are the expected relative ifodination values for the capsid poly- 
peptides from disrupted virions. Since a, 8, y and 6 are present in 
equimolar proportions in the capsid (Ziola and Scraba, 1974, 1975), the 
theoretical relative 1251 incorporation was calculated directly from 
the number of tyrosine residues in each polypeptide. 
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imately 60% that of a; Figure 2B; Table 2). The increased 
labeling is probably due to a conformational rearrangement 
of the capsid polypeptides induced by the incorporation of 
iodine atoms which resulted in additional tyrosine residues 
becoming accessible. 

The iodination-induced conformational rearrangement 
was also demonstrated using a longer incubation time. After 
a 15 minute reaction period, in the absence of carrier Nal, 
the 8 polypeptides were labeled to nearly the same extent 
aciuner (polypeptide, (Figure,.2C, Tabley2). » Upon addition 
of carrier NaI, the labeling of the y and 6 polypeptides 
eso peran to-occur (Figure 2D, Table 2). In spite of the 
conformational rearrangements, the virions were still 
largely intact since they could be recovered following 
sedimentation through 15% sucrose. However, iodination for 
30 minutes (with or without carrier NaI present) produced 
andecradatlonvyof the swicus capsid such wihat)ingact virions 
could not be recovered following sedimentation through 15% 
sucrose. This phenomenon has also been observed in the 
case of bovine enterovirus (Carthew and Martin, 1974). 

Todination of virus disrupted by heating in SDS 
resulted in a labeling of all four capsid polypeptides in 
the relative amounts expected from their tyrosine contents 
(Table 2). Thus, the observed differences in labeling of 
intact virions probably reflects the exposure of tyrosine 
residues of the individual capsid polypeptides to the 


external environment rather than an intrinsic difficulty in 
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iodination of individual tyrosine residues. 


Immunodiffusion 

The results of immuno diffusion tests using whole and 
disrupted Mengo virions as antigens are shown in Figures 3A 
and B respectively. They demonstrate that all the specific 
antisera have activity against disrupted virions, but that 
only the anti-a, anti-8 and anti-a8 sera react with native 
virions. Thus, the antigenic determinants of the a and 8 
polypeptides are located on the external surface of the 


Virion, while those of the y and 6 polypeptides are not. 


CF tests 

The serum and antigen titers obtained using the 
Specific sera are shown in Table 3. Table 3A shows that, 
with the exception of the anti-6 serum, all sera tested had 
complement-fixing titers of approximately the same order of 
magnitude. This suggests that the differing sera reacti- 
vities measured by the other immunological techniques (see 
below) were not due to widely varying antibody titers or to 
an absence of specific antibodies. 

Resulte shown in fable Se einditate athawurwnessurtace of 
the intact Mengo virion is occupied primarily by the aandg 
polypeptides. Disruption of the viral capsid produced a 
significant increase in the antigen titers for the 8 and 6 
polypeptides. Thus, while at least one part of each of the 


8 polypeptides is exposed to the external environment in the 
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Figure 3. Immunodiffusion analyses of whole and dissociated 
Mengo virions. Panel A: The center well contained intact 
virions in 0.1 M sodium phosphate, pH 7.2. Specific antisera 
(in the outer wells) were dialyzed against this buffer before 
being applied. "C” indicates control (preimmunization) rab- 
bit serum. Panel B: The buffer used in this case was PBS, 

pH 6.2. After extensive dialysis at room temperature against 
this buffer, the Mengo virion capsids had largely dissociated 
into (aBy)« subunits, as assayed by electron microscopy. The 
meet ated virus suspension was added to the center well, 
and specific antisera (also dialyzed against PBS) to the 
Cuter wells. "C” andicates: control ‘serum: 


Bs 


TABLE 3 


COMPLEMENT-FIXATION TESTS 


(A) SERUM TITERS" VS, DISRUPTED VIRUS 


Serum Titer 
Anti-aBy 1280 
Anti-aB 640 
Anti-a 1280 
Anti-8 1280 
Anti-y 320 
Anti-6 <20 
Control <20 
b 


(B) ANTIGEN TITERS VS. INTACT AND DISRUPTED VIRUS 


Serum Intact Virus Disrupted Virus 
Anti-a 8 16 
Anti-6 32 256 
Anti-y <4 16 
Anti-6 <4 <4 
Control <4 <4 


3Reciprocal of the highest dilution of serum producting 50% hemolysis 


Reciprocal of the highest dilution of antigen producing 50% hemolysis at 
maximum serum titer 


“control titers are those of pre-immunization rabbit serum 
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intact virion, a second part of each must remain buried in 
the interior of the capsid and thus be inaccessible to 
Specific antibodies. The antigenic determinants of the 

y polypeptides appear not to be exposed to the external 
environment since anti-y serum produces a positive CF 
recurc only when ‘the virus is disrupted) @fheefact that 
the antigen titer for the anti-® serum remains about the 
same whether the virion is intact’ or disrupted suggests 
that most of the a determinants are exposed on the surface 
Grethe native virion: 

No conelusions about the location of the 6 polypeptide 
could be drawn from these studies, since no CF titer was 
observed for the anti-6§ serum. Attempts to demonstrate 
CF activity at antigen dilutions less than 1:4 were not 
successful because of the anti-complementarity of the con- 
GCentrated virus in the antigen controls (which was not 
alleviated by pretreatment with guinea pig complement). The 
anti-§ serum did, however, exhibit activity in the immuno- 
diffusion test using disrupted virus. This difference is 
probably explained by the high sensitivity of the immuno- 


diffusion test compared to the CF test (Schmidt, 1969). 


Pie Veo andvil vesus 


Data obtained from plague-neutralization, plaque- 
neutralization enhancement and hemagglutination-inhibition 
experiments indicate that only antibodies specific for the 


a polypeptides were able to block the attachment of virus 
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to susceptible cells (Table 4). Antibodies specific for 
the B polypeptide were not able to do so, even though they 
were able to produce positive results in the immunodiffusion 
and: CF tests. 

ne very high relative titers obtained with theranti— 
a8 y serum are probably due to the fact that the antigen used 
to produce this serum was in an undenatured form, while all 
the other sera were produced using SDS-denatured polypeptide 
antigens. The low titers of the anti-a8 and anti-a sera 
were probably not due to the respective omission of y and 
By polypeptides from the immunizing antigen mixture since 
the addition of anti-8 and/or anti-y serum to the anti-a 
serum (or, Similarity, the addition! of -anti-y serum to the 
anti-a8 serum) did not produce an increase in the PN, PNE 
Oemibrciters. Also, .the, similaritnzestany CE titer tor the 
anti-a , -6 and -y sera indicate that the inability of the 
8 and/or y polypeptides to produce neutralizing antibodies 
was not due to their denaturation by SDS, since the a poly- 
Deopide was in a simmlear@ctiavew Thus, che PN) PNB and it 
tests demonstrate that the a polypeptides alone are 
responsible for the initial attachment of Mengo virions to 


receptors on L cells and human erythrocytes. 


Discussion 


Results of the solid state lactoperoxidase-catalyzed 
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TABLE 4 


PLAQUE-NEUTRALIZATION (PN), PLAQUE- 
NEUTRALIZATION ENHANCEMENT (PNE) AND 
HEMAGGLUTINATION-INHIBITION (HI) TrreRs oF 
ANTISERA AGAINST MENGO Capsip POLYPEPTIDES 


Serum PN ti- PNE HI ti- 
ter* titer* ter® 
Anti-aBy 204,800 NT. ¢ 2560 
Anti-aB 12,800 N.T. 160 
Anti-a 800 3200 40 
Anti-B 100 200 <10 
Anti-y 100 200 <10 
Anti 100 200 <10 
Control (preim- 100 100 <10 
munization) se- 
rum 


@ Expressed as the reciprocal of the highest dilu- 
tion of serum resulting in a 50% inhibition of virus 
plaque formation. 

® Expressed as the reciprocal of the highest dilu- 
tion of serum that blocked hemagglutination by 4 
HAU of virus. Human type O cells (as 1.5% suspen- 
sions in borate buffer) were used. 

« N.T., not tested. 


56 


“ane see 
ae 


<a Qe — 


Dif 


iodination of intact Mengo virions has demonstrated that the 
Surface characteristics of the virion are contributed mainly 
by the a and - to a lesser extent - the 8 polypeptides. 

This finding is in general agreement with that reported 
POrmmceveral other picornaviruses. « lodination of  rhino-— 
varus type 2 resulted in incorporation of oo primarily 
into VP2 polypeptides, with small amounts of radioactivity 
being found in the VPl and VP3 polypeptides (Lonberg- 

Holm and Butterworth, 1976). Similar experiments with FMDV 
igwpol.ct.al.4.19734;) Sanger.et,.al.,. 1976) ,. bovine. entero- 
virus (Carthew and Martin, 1974) and poliovirus (Lonberg- 
Holm and Butterworth, 1976) all demonstrated almost 
exelucsave. Lodination:of VPl.« In no instance. was ot 
incorporated into the VP4 polypeptides of an intact pico- 
mouav Uaic...« [he lack of labeling wase nop wdue. to Jack of 
tyrosine residues in this polypeptide species since VP4/ 

VPO in empty capsid structures did incorporate label (Carthew 
and Martin, 1974; Lonberg-Holm and Butterworth, 1976). 

Empty capsids are not produced in vivo by Mengo virus, nor 
can they be formed in vitro, but each of the 6 polypeptides 
does contain three tyrosine residues (Ziola and Scraba, 
1975), and these are readily iodinated when the capsid 
structure is disrupted (Figure 2D). Thus a general feature 
Ofpche picornavirus. capsid vappeans, to, be that one of the 
three largest polypeptide species contributes most of the 
external surface characteristics, with one or both of the 


others making minor contributions. 
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Some degree of caution is necessary, however, when 
interpreting the results of iodination experiments. Unless 
theyeorrect labeling period and reaction conditions are 
chosen, extensive iodination can cause extensive conforma- 
tional changes and even degradation of the capsid structure 
(Carthew and Martin, 1974; Table 2). Thus polypeptides 
which normally do not have tyrosine residues exposed to 
the external environment may appear’ to be part of the 
external icapsid structure. In addition, the assumption 
that the tyrosine residues are randomly distributed along 
a polypeptide chain may not be correct, and a polypeptide 
which is partially exposed on the exterior of the capsid 
may not be detected if all of its tyrosine residues are 
buried in the interior. 

Reactions of intact Mengo virions with antisera 
specific for individual polypeptides have confirmed the 
iodination results. Immunodiffusion and complement fixation 
experiments showed that only the a andgp polypeptides are 
exposed on the external surface of the capsid (Figure 3A, 
Table 3B). The yand 6 polypeptides appear to occupy 
internal locations, and their antigenic determinants are 
only exposed to the external environment when the capsid 
is disrupted (Figure 3B, Table 3B). Thus, neither the 
tyrosine residues nor the antigenic determinants of the Y 
and 56 polypeptide species are located on the external 


cpMrracewor the virion. 


Rowlands et al. (1971) showed by studies on the 
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immunogenicity of trypsin-treated FMDV that VPl was respons- 
ible for the stimulation of neutralizing antibodies to the 
virus. 

Results of the HI, PN and PNE tests reported here 
demonstrated that the analogous q polypeptides are respons- 
ible for the attachment of Mengo virions to susceptible 
cells (Table 4). Antisera specific for theg, y ors poly- 
pepimdes did not’ contain’ neutralizing activity. 9 This! ae 
especially interesting in the case of 8, which was shown 
Pyecr and immunodiffusion tests! to bewat least partially 
exposed on the exterior of the intact capsid. Apparently, 
binding of anti-8 antibodies to the surface of the Mengo 
virion does not inhibit its attachment to cellular receptors. 

It has been demonstrated that the ability of polio- 
and rhinovirions to attach to cells is dependent on the 
naceve or DP? conrormation of the virus capsid. Alteration 
Om the conformation ‘to thes form results in a oss of 
infectivity. The location of the site(s) responsible for 
attachment to cells and for binding of neutralizing anti- 
bodies in the D form has been the subject of some contro- 
versy. Breindl (1971la,b) proposed that the VP4 polypeptides 
expressed these activities, since the D to C conformational 
change was accompanied by the loss of VP4 (Crowell and 
Pniapson, 1971; Korant etvals, 1972). An alternative 
model has been proposed in which the D and C forms reflect 
different polypeptide conformations on the surface of the 


virion, with the attachment of virions to cells being 
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dependent on the presence of the entire intact D surface 
conformation (Noble and lonberg—Holm, 1973; Korant et al., 
1975; Butterworth et al., 1975). Enzymatic iodination 
studies of empty capsids (C conformation) provided data 
which is consistent with the hypothesis. Naturally-occurring 
empty capsids of bovine enterovirus showed increased labeling 
Cierrsend VPs. an contract, to the, nativesvirion, whach. was 
labeled in VPl only (Carthew and Martin, 1974). Artificially 
produced empty capsids of poliovirus incorporated an increased 
amount of Par into the VP2 polypeptides, while intact virus 
was labeled primarily in the VPl polypeptides (Lonberg-Holm 
and Butterworth, 1976; Beneke et al., 1977). In no case was 
VP4 in an intact virion labeled by surface-active reagents. 
The presence of two isoelectric forms of picornaviruses 
(Mandel, 1971; Chlumecka et al., 1973; Korant et al., 1975) 
is also consistent with the second model. 

The inability sof. cardiovirisess to. form stable empty 
capsids has prevented the extension of the experiments 
described above to the Mengo virion. However, the data 
presented in this chapter is still compatible with the 
second model, with the qualification that only one poly- 
peptide, 4, possesses the immunogenic and cell attachment 


sites. The same would appear to be true for FMDV (Cavanagh 


rete) 19777). 
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IV. ISOLATION AND PARTIAL CHARACTERIZATION OF MENGOVIRUS- 


SPECIFIC POLYPEPTIDES Bee AND VPs 
Ineroduct: Lon 


The discovery of an RNA-dependent RNA polymerase (RNA 
replicase) activity in picornavirus-infected cells (Baltimore 
and Franklin, 1962; Baltimore et al., 1963b; Dalgarno and 
Martin, 1965) has prompted much research in an effort to 
identify and characterize the viral polypeptide(s) respon- 
emole f10r this activity.” Results of such studies have sug-— 
gested that NCVP4 (E) (Rosenberg et al., 1972; Lundquist et 
eae, 2974; "Loesch and Arlinghaus, 1975; Traub et al.; 1976; 
Poteniick et aly,°1967); NCVPL (A) (Réder -andtkoschel, 1975) 
or NCVP2 (D) (Korant, 1975) plays some role in RNA replicase 
activity. However, in only two instances has a template- 
dependent replicase activity been demonstrated (Traub et al., 
1976; Flanegan and Baltimore, 1977). 

The covalent linkage of a small protein (termed VPg) 
of molecular weight about 4,000 to the 5°-end of virion RNA 
has been reported for EMC, polio and FMD viruses (Hruby and 
Roberts, 1978; Lee et al.,/ 1976; Sanger et al., 1977). It 
has been suggested that VPg may play some roleL in inttiatwon 
of viral RNA synthesis (Flanegan et al., 1977; Nomoto et al., 
HO? 

Comparatively little work has been done to examine the 


proteolytic processes by which the stable capsid and noncapsid 
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proteins are generated in infected cells. Korant has shown 
that the initial cleavages are probably mediated by cellular 
proteases (1972) and that the secondary ones are more likely 
mediated by a viral-specific enzyme (1973). The identity of 
the enzymes responsible for these cleavages has not yet been 
established, although Ziola and Scraba (1976) and Pelham 
(1978) have suggested that F is a possible candidate for the 
viral protease. 

This-chapter is a report of the isolation of the Mengo 
Yarusynoncapsid polypeptides E and, F from: infected cell 
lysates. This was accomplished by chromatographic procedures 
using denaturing and non-denaturing conditions. Partial 
characterization of the polypeptides isolated using the non- 
denaturing conditions is also reported. Results indicate 
that the Mengo virus polypeptide E possesses RNA polymerase 
activity that is dependent upon exogenous viral RNA template 
and primer. 

Evidence is also presented that a VPg protein is at- 


tached to the RNA of Mengo virus. 


Materials and Methods 


Preparation of infected cebleextracts 


Confluent monolayers of L cells in roller bottles were 
infected at a m-o-.i-. of 100 pfu/cell with M-Mengo virus sus- 


pended in a 5.0 ml of virus diluent. The bottles were 
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rotated at 37° for 1 hr to allow virus attachment. They were 
then rinsed once with warm (37°) PBS and overlayed with 

20 ml BME supplemented with 5% horse serum. At 3.5 hr post- 
infection this medium was replaced by 10 ml amino acid- 
deficient Eagle's medium containing 1% horse serum and 25 mM 
HEPES (Sigma), and the monolayers incubated for one hr to 
mop rere the, lntrace] lular, pools or,aminogacids.. Ate4.5 hr 
post-infection, the cells were pulse-labeled by removing 

the amino acid-deficient medium, rinsing the monolayers 
@nceywith warm. (37°),.PBS and incubating with,10 ml of.amino 
acid-deficient medium containing 1% horse serum, 25 mM 

HEPES and 5 pCi/ml Tye Loao acids (NEC 445, New England 
iWeemecar) for Ons hre. Ates. 0 thas post=intect tone Ghen labeling 
medium was removed, the monolayers washed once with warm 
(37°) PBS and then incubated for 1 hr with BME containing 


6 M pactamycin (a gift from the Drug 


5% horse serum and 10. 
Development Branch, Division of Cancer Treatment, National 
Cencereinetitute, U.S.A.) «Ave o.0 reposts amt cece lonuthe 
medium was removed and the monolayers washed three times 
with 25 ml cold (4°) PBS. Cells were collected from roller 
bottles. by, scraping..into.a foumth aliquot, ofeeold PES) and 
pelleting by low speed centrifugation. © The washed cells 


é c salts) con- 


were lysed with either PBS (minus Ca’* and Mg" 
taining 1% NP-40 (Shell Oil of Canada, LC Oe ieO nu 105) Male is 
base, 0.05 M sodium phosphate (pH 8.0) containing 0.05 M 

Ke kwendel% NP-40 o( Ylysisebutfers*;)ba= 2 ml spereroller boule 


of cells). Nuclei were removed by low speed centrifugation 
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(1000 g for 10 min) and the lysate clarified by centrifuga- 
tion in a SW 50.1 rotor at 37,000 rpm at 4° for 1 hr. The 
Supernatant from this step, denoted S30) was subsequently 


Subjected to affinity chromatography as outlined below. 


hee uty chromatography of cell lysates 


Antiserum directed against the capsid proteins of 
Mengo virus was prepared in rabbits using heat-disrupted 
(56° for 10 min) virions as antigen. Immunization was 
entolaved by injection of’ 250 pe protein’ intravenously plus 
250 pg intramuscularly; the intramuscular injection aliquot 
being suspended in an equal volume of Freund's complete 
adjuvant and PBS. Fourteen days after the first injections, 
an additional 250 pg of disrupted virus antigen was injected 
intravenously, followed at 4 day intervals by additional 
intravenous injections. Blood was aon eten one week after 
the fourth intravenous injection, and serum prepared by al- 
bwing it to clot at room temperature for 1 hr and then stand 
overnight at 4° before centrifuging (1000 g for 10 min). 
The IgG fraction was purified from serum by ammonium sulfate 
precipitation followed by chromatography on DE-52 cellulose 
(Whatman Biochemicals Ltd.) and lyophylization of the frac- 
tions containing anti-Mengo IgG's. 

IgG from 20 ml of immune serum was resuspended ays 
ml of 0.01 M sodium phosphate (pH 7.2) and mixed overnight 
at 4° with 1 g of Affi-Gel 10 (Bio-Rad Laboratories), a N- 


hydroxysuccinimide ester of agarose to which the IgG couples 


a 


ephhrcanig ‘niet 
a? ont Ye tah 


potted at betiys ok Saeeteae 


sai hbtvestoleat  /aeg fie Ga Geeemiee ty re 

» Vbavoieve: tnt! Astor ae bath atan pri 

hia Vl dust cul talvpaunergak ent aa 

he en 2" ketene he ometow a Ee 

itelaleerih) att aarre wes Keartogs | 
ah AAs he wietty hes Gimot Eb spe 

mattseee ‘te “gePedns “ aa 


(edi Widest ante ve todd ia 


65 


through its free amino groups (Cuatrecasas and Parikh, 1972). 
Following coupling, the gel-immobilized antibody was washed 
with PBS and poured into a column with dimensions (diameter 
x length) of 0.8 x 25 cm. The column was washed with 0.1 M 
TRIS-HCl containing 3.0 M NaSCN and 1% NP-40 ("elution 
buffer") and then equilibrated with the appropriate lysis 
buffer. 

S35 infected cell lysates (2 - 3 ml) were loaded onto 
the column at 4° and washed through at a flow rate of 0.5 - 
a0 ml/hr. The protein peak, as monitored by radioactivity, 
was pooled and used in the procedures detailed below. The 
column was recycled by washing with elution buffer followed 


hyscGuulrbration with lysis buffer. 


sDS-hydroxylapatite chromatography 


When used in this procedure, the infected-cell lysate 
was made in PBS (minus cate and Me*? salts) containing 1% 
NP-40, and the affinity column was equilibrated with the same 
buffer. 

A 1.ml aliquot of the noncapsid polypeptide peak ifrom 
the affinity column was made 2% SDS and 5% 8-mercaptoethanol, 
then heated at 100° for 5 min. The soltttion was then diluted 
20-fold with 0.01 M sodium phosphate (pH 6.2), and loaded 
onto a 0.8 x 15 em column of DNA grade hydroxylapatite (Bio- 
Rad Laboratories) equilibrated with 0.01 M sodium phosphate 
(pH 6.2) containing 0.1% SDS and 1 mM dithiothreitol ("column 


buffer”). After washing with 3 to 4 bed volumes of column 
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buffer, the polypeptides were eluted at a flow rate of 4 ml1/ 
hr with a linear gradient derived from 0.1 M sodium phosphate 
(pH 6.2) and 0.6 M sodium phosphate (pH 6.2); both buffers 
containing 0.1% SDS and 1 mM dithiothreitol (DTT). Aliquots 
of fractions were spotted on filter discs which were dried 
and counted using a toluene-based fluor. Conductivity 
measurements of selected fractions were converted to molarity 
of phosphate by using a standard curve. Selected peaks from 
the column were pooled as indicated in Figure 9, dialyzed 
against 0.1% SDS in distilled water and lyophilized. Aliquots 
were resuspended in 0.01 M sodium phosphate (pH 7.2) con- 
taining 2% SDS and 5% 8 -mercaptoethanol, heated at 100° for 

5 min and subjected to electrophoretic analysis on 10% 


polyacrylamide-0.1% SDS gels as described by Ziola and Scraba 
(1974). 


SDS-Sephadex gel filtration chromatography 
Lyophylized pools 2 and 3 from the SDS-hydroxylapatite 


column were each suspended in 0.3 ml distilled water, and SDS 
and B-mercaptoethanol added to 2% and 5% final concentrations, 
respectively. The resuspended material was heated at 100° 
for 5 min and then loaded onto separate 1.5 cm x 80 cm 
columns of G-100 superfine Sephadex (Pharmacia) equilibrated 
with 0.1 M sodium phosphate (pH 7.2) containing 0.1% SDS and 
1 mM DTT. The columns were operated at a flow rate of 4 ml1/ 
hr, and fractions of 1.0 ml were collected end monitored for 


radioactivity as described above. Aliquots were removed from 
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each of the pooled regions indicated in Figures 13 and 14, 
dialyzed against 0.1% SDS in distilled water, and lyophilized. 
The SDS-protein residues were resuspended in 0.01 M sodium 
Pieepnave, (pH 7.2) and the final SDS and 8 -mercaptoethanol 
concentrations adjusted to 2% and 5% respectively. Following 
heating at 100° for 5 min, the polypeptide composition of 
each peak in Figures 13 and 14 was determined by electro- 


phoresis in 10% polyacrylamide-0.1% SDS gels. 


Bpo-Gel A-5m filtration chromatography 


Infected-cell lysates produced for this procedure were 


é salts) con- 


either suspended in PBS (minus Ca“ and Me" 
taining 1% NP-40, or 0.05 M TRIS-HC1 (pH 8.0) containing 
0.05 M KCl and 1% NP-40, or 0.05 M TRIS-HCl (pH 8.0) con- 
taining 0.05 M sodium phosphate, 0.05 M KCl and 1% NP-4O0. 
The affinity chromatography column Wee equilibrated with 
the same buffer in which the cell lysate was made. A1l1.5 x 
50 em column of Bio-Gel A-5 m, 200 - 400 mesh (Bio-Rad 
Laboratories) was also equilibrated with the same buffer in 
which the cell lysate was made. A 1.0 ml aliquot of the non- 
capsid polypeptide peak from the affinity column was chrom- 
atographed at 4° on the Bio-Gel column using a flow rate of 
6.0 ml/hr. One ml fractions were collected and monitored for 
radioactivity. 

Aliquots from selected areas of the peaks were made 2% 


SDS and 5% B-mercaptoethanol, heated at 100° for 5 min and 


then dialyzed against 0.01 M sodium phosphate (pH 7.2) con- 
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taining 2% SDS and 5% g-mercaptoethanol. The dialyzed 
aliquots were subjected to electrophoretic analysis in 10% 


polyacrylamide-0.1% SDS gels. 


Assay of polymerase activity 


imeaystandard reactionemixture, lod pwhvoetieenzyme 
preparation was added to 100 yl of assay mixture, the final 
concentration of reagents being: 0.05 M TRIS-HCl (pH 8.0), 
0.05 M KCl, 0.005 M DTT, 0.5 mM GTP, 0.5 mM CTP, 0.5 mM ATP, 
2OruaC 2 PH-UTP/ml, 0.01 M MgClo, 2 ug actinomycin D/ml, 1.0 mM 
phosphoenolpyruvic acid (PEP), and 20 pg pyruvate kinase/ml. 
In those assays in which they were included, the final con- 
centrations of Mengo viral RNA and oligo(rU)11_19 were 
20ene/ml and 10 ng/ml, respectively. The reaction mixture 
was incubated at a7 a and "at appropriatevintervalsean 
aliquot of 40 pl was removed and spotted onto filter paper 
which had been soaked with a solution containing 0.1M 
sodium EDTA and 25 mM sodium pyrophosphate (pH 7.0), then 
dried. The filter paper discs were washed for 30 min with 
éord (0°) \L0ZMtrichlorddacetic acid’,(TCA),-twicesfor?10 min 
with cold 5% TCA and finally with 95% ethanol. The discs 
were allowed to dry and the TCA-insoluble radioactivity 
Measured uSsingva ttoluene=basederluor. 

The unlabeled nucleotides were obtained from Terochem 
Laboratories Limited, DTT was from Bio Rad, Fy-UTP (NET-380) 
was from New England Nuclear, actinomycin D was from Mann 


Research, PEP and pyruvate kinase were from Sigma, and 
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oligo(rU) i319 was from Collaborative Research. Mengo viral 
RNA was prepared from freshly purified Mengo virions as 
described by Scraba et al.j} (1967). Sedimentation velocity 
runs of the viral RNA were carried out in a Spinco model E 
ultracentrifuge before use in the assay in order to ensure 


that the viral RNA was intact (35 S) and homogeneous. 


Poly@) Sepharose column chromatograph 

Infected cell extracts were prepared as outlined above, 
the only difference being that the lysis buffer in this case 
Was 0.05 M TRIS-HC1, (pH 8;.0)_ containing 0.05: M KCl and 1% 
NP-40. <A column of poly(A) sepharose (Pharmacia) of dimen- 
Sions 0.8 x 10 cm was prepared and washed with 0.1 M TRIS- 
HCL. (pH 8.0) containing 90% formamide... The column was then 
equilibrated with the lysis buffer. A one ml aliquot of 


the S infected-cell lysate was loaded onto the column, 


of 
which was then washed with lysis buffer (4°) at a flow rate 
Of Caml/hrmes Aften collecting! 20s1-m) fractions.) ahesbuffer 
was changed to 0.05 M TRIS-HCl (pH 8.0) containing 1.0 M 

KCl and 1% NP-40 and an additional 20 fractions were col- 
lected. The fractions were monitored for radioactivity, 

and aliquots of the radioactive peaks.were made 2% SDS and 
5% B-mercaptoethanol, heated at 100° for 5 min and then 
dialyzed against 0.01 M sodium phosphate (pH 7.2) containing 
2% SDS and 5% B-mercaptoethanol. The polypeptide components 


of each peak were analyzed by electrophoresis in 10% 


polyacrylamide-0.1% SDS gels. 
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isolation (OL VPs 


Purified Mele attains acid-labeled Mengo virions were dis- 
rupted by heating at 100° for Canineinral bubrer consisting 
of 0.01 M sodium phosphate (pH 6.4) containing 2% SDS and 
5% 8-mercaptoethanol. The RNA and polypeptides were separa- 
ted by SDS-hydroxylapatite chromatography as described by 
Ziola and Scraba (1975). The RNA peak, as detected by 
absorbance at 260 nm, was pooled and dialyzed extensively 
against 0.01 M sodium phosphate (pH 7.2) to’remove the SDS. 
RNA was precipitated by the addition of 24 volumes of cold 
95% ethanol and storage overnight at -20°, It was then col- 
mecypeaaby scentrifucationvath)5;,000 rpmifor 30min in a 
JA-20 rotor (Beckman) at 4°. The RNA pellet was resuspended 
iy 00 wl cof 080 MaTRIS=HC1 (pHS7.0ttand divided into two 
equal aliquots. RNase A (P-L Biochemicals), RNase Tl (P-L 
Biochemicals) and bovine serum albumin (Sigma) were added 
40 each sample at final concentrations of 50 g/m), 100 
units/ml and 400 pg/ml, respectively. Both samples were 
incubated in polypropylene tubes at 37° for 14 hr. 
Proteinase K (BDH Chemicals) was then added to one sample 
to a final concentration of 200 pg/ml, and both samples 
were Ancubated for an additional 14 amat 37°. Following 
incubation, the samples were precipitated by the addition 
of 5 volumes of acetone. The precipitated products were 


then analyzed by electrophoresis in 10% polyacrylamide- 


0.1% SDS gels. 
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Results 


Separation of Mengo virus non-capsid proteins from capsid 
proteins 

A representative SDS polyacrylamide gel pattern of an 
infected cell lysate (labeled with ade amino acids) before 
the 37,000 rpm centrifugation step is shown in Figure 4. 
Tas pattern is identical to that observed previously for 
Mengo virus (Paucha et al., 1974) and is very similar to 
those produced by other picornaviruses (Summers and Maizel, 


Poocsasutcterworth et al., 1971)" Pactamyein (1076 


M) was 
Beaedaatw ov hr pev."tO Prevent any turther initiation of 
viral RNA translation (MacDonald and Goldberg, 1970; Taber 
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et 
precursor polypeptides were cleaved to stable end-products 
during the subsequent 1 hr chase period (Figure 4). This 
procedure was used because the capsid precursors were not 
totally removed from the lysate during the subsequent af- 
finity chromatography step. 

Gentritugation of the Jysate amen4, O0O0ecpm tor 1 she 
removed those cellular structures whose sedimentation co- 
efficient was greater than 60 S (ribosomes, polysomes, 
mitochondria). Also found in the pellet was a majority of 
the viral capsid proteins (Figure 5). The supernatant from 
this step contained primarily the stable non-capsid poly- 
peptides, but varying residual amounts of the capsid 


polypeptides were also present (Figure 6). 
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Figure 4. Electrophoresis in 0.1% SDS-10% polyacrylamide 
gels of an L cell lySate at the initial stage of purifica- 
tion (i.e. before the 37,000 rpm centrifugation step). 
Infected cells were pulse-labeled with 14G-amino acids for 
30 min at 4.5 hr post-infection, and,then incubated for 

1 hr in the presence of unlabeled amino acids and 107° M 
pactamycin. Following electrophoresis at 8 mA/gel for 

20 hr, the gels were frozen on dry ice and sliced into 

1 mm fractions using a brass template. The slices were 
incubated overnight at 50° with 0.3 ml of 5.7% water in 
NCS tissue solubilizer (Amersham). Radioactivity was 
measured following the addition of 5 ml of toluene-based 
fFiuor to each gel slice. 
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Figure 5. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the pellet obtained from the 37,000 rpm 
centrifugation step. Lysates of infected cells (labeled 
with l4c-amino acids) were centrifuged at 37,000 rpm for 

1} hr in a SW 50.1 rotor at 4°. The pellet was resuspended 
in 0.01 M sodium phosphate (pH 7.2) containing 2% SDS and 
5% B-mercaptoethanol and heated at 1009 for 5 min before 
being loaded onto the gels. Electrophoresis was at 8 mA/ 
gel for 20 hr; subsequently 1 mm gel slices were obtained 
and assayed for radioactivity. 
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Figure 6. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the supernatent obtained from the 37,000 
rpm centrifugation step ("S on). Following centrifugation 
Ol wne Lysate, an,allquoy of the supernatant was analyzed 
by electrophoresis as described in the legend for Figure 4. 
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The remaining viral capsid polypeptides were removed 
from the lysate by passage through an affinity column con- 
Sisting of viral capsid) protein-specific IgG coupled to 
agarose beads (Figure 7). The peak containing the non- 
capsid polypeptides was pooled as indicated on the graph 
(Pool 1) and used for subsequent procedures. The column 
was recycled by removing bound capsid polypeptides using 
Beourter containing 2.0; Nash. sSuchi) an affinity column 
was stable for several weeks at 4° and could be used 
repeatedly for this adsorption procedure. An SDS-poly- 
arylamide gel profile of the material found in peak 1 of 
Phesarrinity,columm’ tei shownin Faisure’ 6. it is evident 
that the capsid polypeptides have been completely removed, 
leaving only the non-capsid and unlabeled host L cell 


polypeptides in the lysate. 


Separation of viral noncapsid polypeptides using denaturing 


Gondi tions 

The elution profile obtained when the affinity column- 
adsorbed lysate was subjected to chromatography on hydroxy- 
lapatite in the presence of SDS is shown in Figure 9. The 
size of the first major peak, eluting between 0.3 and 0.35 M 
sodium phosphate, varied considerably from preparation to 
preparation. Analysis of this peak by SDS-polyacrylamide 
gel electrophoresis revealed that there was no major poly- 
peptide species present; counts were observed throughout the 


gel and no major amounts of the noncapsid polypeptides were 
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Figure 7._ Affinity chromatography of the $37 supernatant 
from the 14C-amino acid-labeled lysate of Mengo-infected L 
cells. 837 lysates were passed through a column of agarose 
to which antibodies specific for the Mengo virus capsid 
polypeptides had been covalently attached. The number 1 
identifies the set of fractions, containing the noncapsid 
polypeptides, which was pooled and used in subsequent 
procedures. The arrow indicates the point at which buffer 
containing 3.0 M NaSCN was added to recycle the column. 
Fractions were 1.0 ml, and the flow rate was 1.0 ml/hr. 
Aliquots (50 pl) of each fraction were assayed for 
radioactivity inva conventional manner. 
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Figure 8. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides present in 


Pool 1 from the affinity chromatography column (Figure 7). 


Gonditaens.ftor electrophoresas stract tonation, and sradio-— 
activity counting were identical to those described in 
the legend of Figure 4. 
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Figure 9. SDS-hydroxylapatite chromatography of 3H-amino 
acid-labeled noncapsid polypeptides from Pool 1 of the 
affinity chromatography columm (Fiseure 7). ~The pely— 
peptides were eluted from the column by a 140 ml phosphate 
gradient =(pH 6.2) "constructed arom 72, ml of Oh M sodium 
phosphate and 70 ml of 0.6 M sodium phosphate; both buffers 
Conbarning 011% SDS7and =") mM DIT. “The numbers’! to.3 
identify the sets of fractions (1.0 ml) which were pooled 
for subsequent analysis. 
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present (not shown). The presence of this peak may indicate 
that some degradation of the non-capsid polypeptides has 
occurred during the purification procedures. SDS-poly- 
ecrylamide.gel "analysis or pools 1) cand 3 from Fisure: 9 
Tt echow? in Figures) 10, oueona 2, respectively. Pool £ 
contained noncapsid polypeptide H plus a species migrating 
slightly faster than polypeptide F. This second species 
may represent a smaller, degraded form of F but positive 
identification has not been made. Pool 2 contained the 
viral noncapsid polypeptides F and G plus several host 
polypeptides (detected by staining with Coomassie Blue). 
Pool 3 was composed of the noncapsid polypeptides E and I 
and several host polypeptides. 

Chromatography of the F plus G polypeptide mixture 
on Sephadex produced the elution pattern shown in Figure 
13. A similar pattern was observed when the E plus I poly- 
peptide mixture was chromatographed on Sephadex (Figure 14). 
Analysis by SDS-polyacrylamide gel electrophoresis revealed 
that peak 1 in Figure 13 contained polypeptide F plus about 
5 host cell polypeptides while peak 2 contained pure poly- 
peptide G (Figure 15). Similarly, Figure 16 shows that 
peak 1 from Figure 14 contained polypeptide E plus about 
4 host cell polypeptides. Peak 2 contained pure I. 

Thus, using this two-column procedure, relatively 
Puce GeparablLons OLE abe ands bay e een, Obvaiied,. 
Although it was not attempted in this study, polypeptide 


H could probably be separated from the other main polypeptide 
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Figure 10. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides found in 
Pool 1 from the SDS-hydroxylapatite column (Figure 9). 

Tye Pool, 1 region was) dialyzedvacainst, 0.2% SDS in dictitied 
water, and lyophilized. Aliquots were suspended in 0.01 M 
sodium phosphate (pH 7.2), and SDS and 8-mercaptoethanol 
were added to 2% and 5% final concentrations. The sample 
was heated at 100° for 5 min before being subjected to 
electrophoresis. The bars above the profile (labeled "s") 
indicate the position of Coomassie Blue-stained bands. 
Electrophoresis was at 6 mA/gel for 12 hr. Conditions for 
fractionation of the gels and radioactivity counting were 
the same as those described in the legend to Figure 4. 
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Figure 11. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides found in Pool 
2 from the SDS-hydroxylapatite column (Figure 9). The 
sample was prepared and electrophoresed as described in 
Figure 10. Bars above the profile labeled "s” indicate the 
position of Coomassie Blue-stained bands. 
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Figure 12. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides found in Pool 
3 from the SDS-hydroxylapatite column (Figure 9). The 
sample was prepared and electrophoresed as described in 
Figure 10. Bars above the profile labeled "s” indicate the 
position of Coomassie Blue-stained bands. 
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Figure 13. SDS-Sephadex G-100 chromatography of the non- 
capsid polypeptides from Pool 2 of the SDS-hydroxylapatite 
column (Figure 9). The dialyzed, lyophilized pooled 
fractions were resuspended in 0.3 ml distilled water, and 
the concentrations of SDS and B-mercaptoethanol adjusted to 
2% and 5%, respectively. The sample was heated at 100° for 
5 min and then chromatographed on the G-100 superfine 
Sephadex column. The column was eluted with 0.1 M sodium 
Dnesphace (pH, 7.2) sconvaimine 011s Sbowatya flow rate. of 
6.0 ml/hr, and 0.5 ml fractions were collected. An aliquot 
G@ipeach fraction was assayedsfor radioactivity. The 
numbers 1 and 2 refer to the sets of fractions which were 
pooled. 
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Figure 14. SDS-Sephadex G-100 chromatography of the non- 

capsid polypeptides from Pool 3 of the SDS-hydroxylapatite 
column (Figure 9). The material was prepared and chroma- 

bographed as) described) in' Figure 23.) *Phernumbers* i and*2 

refer to the sets of fractions which were pooled. 
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Figure 15. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides following 
fractionation by G-100 Sephadex chromatography (Figure 13). 
Aliquots of Pools 1 and 2 (Figure 13) were dialyzed against 
0.1% SDS in water, lyophilized and prepared for electro- 
phoresis as described in Figure 10. Material present in 
Pool 1 is represented by the solid line, while the dashed 
line represents material found in Pool 2. The conditions 
for electrophoresis, fractionation of gels and radioactivity 
determination were the same as those described in Figure 10. 
The bars labeled "s” indicate the position of Coomassie 
Blue-stained bands in the gel containing polypeptide F. No 
such bands were observed in the gel containing polypeptide 
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Figure 16. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the noncapsid polypeptides following 
fractionation by G-100 Sephadex chromatography (Figure 14). 
Samples were prepared as in Figure 15. Material present 
in Pool 1 is represented by the solid line while the dashed 
line represents material found in Pool 2. The conditions 
for electrophoresis, fractionation of gels and radioactivity 
determination were as described in Figure 10. The bars 
labeled "s” indicate the position of Coomassie Blue-stained 
bands in the gel containing polypeptide E. No such bands 
were observed in the gel containing polypeptide I. 


37 


present in Pool 1 by chromatography on Sephadex. Preliminary 
experiments have indicated that these polypeptide prepara- 
tions are suitable for use as antigens to raise specific 
antibodies in rabbits. SDS-complexed polypeptides have 
frequently been used to produce specific antiserum (Johnson 
et al., 1972; Pederson and Eddy, 1974; Croft et al., 1974; 
eoumon eteal., 1974) ‘lind eusaleo7 2). The host cell 
polypeptides present in the E and F pools should pose no 
ditiiculty since L cell) proteins are poor-antigens in 


rabbits (Eva Paucha, personal communication). 


Separation of undenatured viral noncapsid polypeptides 
Chromatography on Bio-Gel A-5m of the material from 


the atfinity column (Pool! 1, Freurey7), employine PBS (minus 


: salts) containing 1% NP-40 as the lysis and 


cau and Mg" 
column buffer, produced the profile shown in Figure 17. 
Analysis by SDS-polyacrylamide gel electrophoresis of the 
pools indicated on the graph showed that the leading edge 

Of peak 1 (Pool 1) contained rae the only noncapsid ‘viral 
polypeptide (Figure 18). Also present were 5 host poly- 
peptides with similar molecular weights. Pool 2 also con- 
tained polypeptide F, but large amounts of polypeptides G, 

H and I were also present (Figure 19). Pool 3, the trailing 
edge of the first peak, contained primarily polypeptide F 
but there was some indication of small amounts of higher 
molecular weight labeled contaminants (Figure 20). Ap- 


proximately 5 host polypeptides were also present. Pool 4 
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Figure 17. Chromatography of 14¢-amino acid-labeled non- 
capsid polypeptides from Pool 1 of the affinity chromato- 
graphy column (Figure 7) on Bio-Gel A-5m. Column and 

lysis buffer were PBS (minus Cat2 and Mgté salts) con- 
taining 1% NP-40. The numbers 1 to 4 refer to the sets of 
fractions which were pooled. The Bio-Gel column was eluted 
at a flow rate of 6.0 ml/hr. Fractions of 1 ml were col- 
lected, and an aliquot of each assayed for radioactivity. 
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Figure 18. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the polypeptides found in Pool 1 from 
the Bio-Gel A-5m column (Figure 17). An aliquot of the 
pool was made 2% SDS and 5% B-mercaptoethanol, heated at 
100° for 5 min and then dialyzed against 0.01 M sodium 
phosphate (pH 7-2) containing 2% SDS and 5% 8-mercapto- 
ethanol. The dialyzed material was subsequently loaded 
onto the gel, and electrophoresis and analysis carried 
out as described in Figure 10. The bars labeled "s” 
indicate the positions of Coomassie Blue-stained bands. 
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Figure 19. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the polypeptides found in Pool 2 from 
the Bio-Gel A-5m column (Figure 17). The sample was 
prepared for analysis as in Figure 18. Conditions fOr 
electrophoresis, fractionation of gels andtradioactivity 
measurement were identical to those described in Figure 10. 
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Figure 20. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the polypeptides found in Pool 3 from 
the Bio-Gel A-5m column (Figure 17). The sample was 
prepared for analysis as in Figure 18. The bars labeled 
"Ss" identify the Coomassie Blue-stained bands. The 
conditions ,for electrophoresis, fractionation of gels and 
measurement of radioactivity were identical to those 
described in Figure 10. 
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from the Bio-Gel column contained E as the sole viral poly- 
peptide plus 4 - 5 host polypeptides (Figure 21). This 
procedure appeared to be suitable for the purification of 
E for the purpose of assaying for a potential polymerase 
activity. However, it was subsequently determined that 
the viral polymerase activity found in the extracts was very 
unstable when PBS buffer was used for the purification pro- 
eedure (not shown). Wetivigy wacelost carly durine the 
purification scheme. When 0.05 M TRIS-HCl (pH 8.0) con- 
taining 0.05 M KCl and 1% NP-40 was used for lysis and 
column buffer, good recovery of activity was observed (not 
shown) but the resolution of the E-containing peak from the 
leading peak was poor (Figure 22). A compromise between 
these two situations was achieved by employing 0.05 M TRIS + 
0.05 M sodium phosphate (pH 8.0) containing 0.05 M KCl and 
1% NP-4+O as the lysis and column buffer. The resolution of 
the two peaks was good (Figure 23) and the activity was not 
lost during the early stages of purification (see below). 
The elution profiles observed in these Bio-Gel columns 
were somewhat puzzling. Normally, one would expect that the 
largest polypeptide species would elute from the column 
first, followed in order of decreasing molecular weight, 
bythe smaller ones. The fact ythatevhie l,9G,) 1 and Lpoly- 
peptides passed through the column before E suggests that 
some sort of complex may have formed among these first 


four polypeptides. Analysis on glycerol gradients of 
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Figure 2l. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the polypeptides found in Pool 4 from 
the Bio-Gel A-5m column (Figure 17). The sample was 
prepared for analysis as in Figure 18. The bars labeled 
"3" jidentify the Coomassie Blue-staining bands. Conditions 
for electrophoresis, fractionation of gels and measurement 
Of radioactivity were as described in Figure 10. 
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Pacure 22.\ Chromatography of 14c¢-amino acid-labeled poly- 
peptides from Pool 1 of the affinity chromatography column 
(Figure 7) on Bio-Gel A-5m. The lysis and column buffer 
was 0.05 M TRIS-HCl (pH 8.0) containing 0.05 M KCl and 1% 
NP-40. Elution and radioactivity assay conditions were as 
described in Figure 17. 
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Figure 23. Chromatography of 14c-amino acid-labeled poly- 
peptides from Pool 1 of the affinity chromatography column 
(Figure 7) on Bio-Gel A-5m. The lysis and column buffer 
was 0.05 M TRIS-HCl (pH 8.0) containing 0.05 M sodium 
phosphate, 0.05 M KCl and 1% NP-40. Fractions were pooled 
in a pattern analogous COpmnabeituisurated sin) Ma cume?l7,, 
Elution and radioactivity assay conditions were as 
described in Figure 17. 
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pools 2 and 4 from Figure 17 did not, however, provide any 
evidence for such an association (Figure 24). The main 
radioactivity peak associated with F, G, H and I sedimented 


between the 4.6S BSA marker and the E polypeptide peak. 


Characterization of the Polymerase 


Assays of polymerase activity found in the crude 
lysate (before the 37,000 rpm centrifugation step) showed 
Eiaweetncorporation of radioactive UTP into a,TCA-ansoluple 
form was dependent upon the concentration of magnesium 
Salsce used ‘in the assay (Figure: 25).) (Thus), wa magnesium 
concentration of 10 mM was used in all subsequent assays. 
Assay of the two peak fractions from Figure 23 (equivalent 
to pools 2 and 4 in Figure 17) revealed a polymerase activ- 
ity associated with the E polypeptide, the activity being 
dependent upon the addition of exogenous viral RNA and a 
peimer of oligo(rU) (Fisunse2o). 

No such activity was found when the polypeptides from 
pool 2 were assayed (Figure 26), nor was this activity found 
in unfractionated extracts of uninfected cells (not shown). 
However, the recovery and stability of activity associated 
with polypeptide E varied significantly from preparation to 
preparation. The maximum recovery of activity detected 
was 5 - 10% of initial values, the dilution of polypeptide 
E during isolation being taken into account. Because of 
these factors, the recovery of polymerase activity was as- 


sayed following each step of the purification procedure 
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Figure 24. Glycerol gradient centrifugation of the ier 
amino acid-labeled polypeptides from Pools 2 (0) and 4 (QO) 
of the Bio-Gel A-5m column (Figure 17). Polypeptide samples 
(0.5 ml) were layered onto 12 ml 5% to 20% glycerol 
gradients. in 0,.05.M TRIS-HC1y (ph.s.0)iicontainine 0505 M KCl 
and icencrituged sat. 35, O0OOeepm tor 2b9 aha “litan, SWaA dl yrotor 

at 40. Fractions of 0.5 ml were collected and 100 ul 
aliquots assayed for radioactivity by standard procedures. 
The arrow indicates the position to which the 4.6 S BSA 
marker sedimented in a parallel gradient run under identical 
conditions. 
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Figure 25. Effect of magnesium concentration on the 
polymerase activity present in an L cell lysate at the 
initial stage of purification. (i.e. before .the 37,000. rpm 
Centrifugation step). A 100 jieaiiqueteotece, | Ivsate in 
0.05 M TRIS-HC1 (pH 8.0) containing 0.05 M KCl and 1% NP- 
40 was added to 100 pl of assay mixture, the final concen- 
trations of reagents being: 0.05 M TRIS-HG1 .(pH 8.0), 
Orselt KCL, 0.005, MDa. 4 Oc Sense ueee Soy oma De On. SocTiNl 
ATP, 20 pCi 2H-UTP/ml, 2 pg actinomycin D/ml, 1.0 mM PEP 
and 20 pg pyruvate kinase/ml. Magnesium concentrations of 
0, 3, 6, 9 and 12 mM were used. The mixture was incubated 
at 37° and aliquots of 40 pl removed at O min and 5 min 
after addition of the lysate. The aliquots were spotted 
onto filter papers which had been soaked with a solution 
containing 0.1 M sodium EDTA and 25 mM sodium pyrophosphate 
(pH 7.0), then dried. The discs were washed for 30 min 
Wich OO. 10% TCA, atwice efor sO min With 00 5% TCA sand stinal— 
ly with 95% ethanol. The discs were dried and the TCA- 
insoluble radioactivity measured using a toluene based 
fluor. Background levels of radioactivity as measured by 
the 0 min controls were subtracted from the corresponding 
5 min sample to arrive at the values plotted above. 
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Figure 26. Template and primer requirements for polymerase 
activity of the isolated noncapsid polypeptides (from 
Figure 23). The assay conditions used were identical to 
those described in Figure 25 with the following exceptions: 
the magnesium concentration used was 10 mM throughout; 
incubation was extended to 20 min and additional samples 
taken at 10 and 20 min; where used, the final concentra- 
tions of viral RNA and oligo(rU) were 20 ug/ml and 10 pg/ml, 
respectively. Samples were processed.for monitoring of 
TCA-insoluble incorporation of label as described in Figure 
25. O Assay of polypeptide E (equivalent to Pool 4 in 
Figure 17) @ Assay of polypeptide E including viral RNA 
A Assay of polypeptide E including oligo(rvU) O Assay of 
polypeptide E including viral RNA and oligo(rU) m Assay 
of polypeptides F, G, H and I (equivalent to Pool 2 in 
(Figure 17) including viral RNA and oligo(rvU). 
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(Eaeure 27). WAiter: lysis cofimtected, cells, fa, high evel of 
activity was detected (Figure 27: "Before 37,000 rpm centri- 
fugation”)...-Polymerase-activity—in -the-supernatent~from 

the 37,000 rpm centrifugation step (S34) was greatly 
eeduced, but incorporation offlabel was stimulated by the 
addition Of Viral RNA template and oligo(rU) primer (Figure 
Bs "San +)IBNA + olieol ru) ) 2) Passage of) tthe San 


the atraniwty column resulted) in, anvalmost total loss: of 


through 


eiaviisye (Picure 27: ?Pool Atfaniuy column"), but addition 
et viral RNA and olago(rU) again stimulated polymerization 
ef nucleoside tripnosphates” (Figure: 27: "Pool 1 Affinity 
column + RNA + oligo(rU)”). However, this stimulation was 
not as great as that observed in the preceding step. From 
these observations it appeared that the progressive removal 
of capsid polypeptides might be at least partially respons- 
ible for the ever decreasing Jevels.of polymerase activity 
recovered. However, attempts to stimulate polymerase 
activity by the addition of either heat-disrupted purified 
virus or purified 13.4 S particles to the assay mixture 
were unsuccessful (Figure 28). Aliquots of protein con- 
tained in ‘the’ fractions *eluced trom nevarrinrty column 

by 3.0 M NaSCN (Figure 7) also did not stimulate polymerase 
activity, nor did addition’ or Uunintectedecell Mvcates «to 

the E preparation. This suggested that the loss of possible 
host cell-provided cofactors was not responsible for the 
diminished activity. 


Co-sedimentation of purified Mengo virion RNA and 
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Figure 27. Assay of polymerase activity found in eell 
ivyeates, during’ varying) stagessot puritication.abAssayccon- 
ditions and Br opesenue of samples were identical to those 
described in Figure 26. 4 Assay of the lysate before the 
37,000 rpm centrifugation step Oo Assay of the $37 lysate 

@® Assay of the 237 lysate including viral RNA and oligo(rU) 

ErAssay of~-Pool from the affinity chromatography column 

™® Assay of Pool 1 from the affinity chromatography column 
including viral RNA and oligo(rU). Passage of the S 7 lysate 
through the affinity chromatography column resulted in a two- 
fold dilution of the polypeptide species present. 
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Figure 28. Effect of capsid polypeptides on the polymerase 
activity detected in Pool 1 from the afiinitvy chromato-— 
graphy column (Figure 7). Assay conditions and processing 
of samples were identical to those described in Figure 26, 
with the exception that viral RNA and oligo(rU) were 
included in all three assays. m@ Assay of Pool 1 from the 
sftinity, chromatography.columm  Uu Assay of Pool’) from the 
affinity chromatography column including heat disrupted 
virus (56° form 10 min) WOvAssayvot Pool 1 trom tihe safeinity 
chromatography column including 13.4 S particles purified 
according to the procedure of Mak et al., 1971. 
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polypeptide E on a linear sucrose gradient indicated that 

E had some affinity for the RNA (Figure 29). The labeled 
polypeptide co-migrated with the viral RNA whereas poly- 
peptides F, G, H and I showed no such affinity for the RNA 
(Figure 30). Polypeptide E by itself on a sucrose gradient 
remained near the top following centrifugation. 

Chromatography of a San infected-cell lysate on 
poly (A) sepharose resulted one adsorption of a peak of 
radioactivity which could be eluted with buffer containing 
Tmo M KCl (Figure 31)<f fAnalyeis on SDS-polyacrylamide cells 
of this adsorbed peak showed the presence predominantly of 
polypeptide E..(Figure 32): The material passing straight 
through the column were polypeptides F, H and I (Figure 33). 
These results suggest that the affinity of polypeptide E 
for viral RNA could possibly be due to the presence of the 
poly (A) sequence on the 3°-end of ie RNA. 

An attempt was made to demonstrate proteolytic activity 
associated with polypeptide F. “Substrate for’ this was 
prepared by pulse-labeling infected cells at 6 hr p.i. with 
34-amino acids for 5 minutes. The cells were harvested 
and a lysate made with 0.05 M TRIS-HCl (pH 8.0) containing 
0.05 M KCl and 1% NP-40. The lysate was centrifuged at low 
Speed to remove nuclei, and then centrifuged at 37,000 rpm 
Porelenr ina oW 50. lL rotors 

The labeled precursor polypeptides were pelleted while 


the unlabeled noncapsid polypeptides remained in the super- 
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Figure 29. Sucrose density gradient co-sedimentation of 
purified Mengo virion RNA (@) and 1l4C-amino acid-labeled 
polypeptide E (4). Viral RNA was prepared according to 

the procedure of Scraba’ et) ala. 44907). Polypeptide E was 
isolated by Bio-Gel A-5m chromatography ase Rigunpe, 23) 
Viral RNA and polypeptide E (100 pl of each in 0.05 M TRIS- 
ner ep oo. 0) containing 0.05 M KCl and 1% NP-40) were mixed 
and incubated on ice for 1 hr. The mixture was then layered 
onto a 4.8 ml 10% to 30% sucrose gradient in 0.05 M TRIS-HCl 
(pH 8.0) containing 0.05 M KCl and 1%°NP-40. The gradient 
was centrifuged at 35.0005 rpm or “5 *hr-an “atswesso.tl rotor 

ap 49,” Fractions of *5 drops were col lected sand “diluted ‘to 
aevolume of 1.0" ml with distilled water.) hetapsorbance 

of each diluted fraction at 260 nm was measured. Aliquots 
of 100 pl were then removed and assayed for radioactivity 
by standard techniques. 
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Figure 30. Sucrose density gradient co-sedimentation of 
purified Mengo virion RNA (@) and a l4C-amino acid-labeled 
mixture of polypeptides F, G, H andf@le(O). Viral RNA was 
prepared according to the procedure of Scraba_ et al., (1967). 
The F, G, H and I polypeptide mixture was isolated by Bio-Gel 
A-5m chromatography as in Figure 23. Centrifugation and 
assay conditions were identical to those described in Figure 


29. 
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Figure 31. Chromatography on poly(A) *sepharose of en 
amino acid-labeled noncapsid polypeptides present ina 
537 lysate. The lysis and column buffer was 0.05 M TRIS- 
Hed (pH 8.0) containing 0.05 M KCl and 1% NP-40. Elution 
and radioactivity assay conditions were as described in 
Figure 17. The arrow indicates the point at which buffer 
containing 1.0 M KCl was added to the column. 
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Figure 32. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the I4C-amino acid-labeled polypeptides 
present in fraction number 29 from the poly(A) sepharose 
column. The sample was prepared for electrophoretic 
analysis as described in Figure 18. Electrophoresis and 
analysis were carried out as described in Figure 10. 
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Figure 33. Electrophoretic analysis on 0.1% SDS-10% poly- 
acrylamide gels of the 14¢c-amino acid-labeled polypeptides 
present in fraction number 9 from the poly(A) sepharose 
column. The sample was prepared for electrophoretic 
analysis as described in Figure 18. Electrophoresis and 
analysis were carried out as described in Figure 10. 
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natent (as in Figure 6). An SDS-polyacrylamide gel profile 
of the pelleted material is shown in Figure 34. It consisted 
primarily of the preeursor polypeptides A, B, ¢C and DD. #'An 
aliquot of such a preparation was mixed with a sample of 
polypeptide F (derived from pool 1 Figure 17; see Figure 

18) and incubated at Be fom ie. | The SDS-polyacrylammde 
gel of the assay mixture did not differ significantly from 
time Control (Figure 35). it would seem that either F has 

no protease activity vis & vis these precursors, or the con- 


ditions of assay were not conducive to detecting the activity. 


isolation! of VPs 

Chromatography of radioactively-labeled virus capsid 
polypeptides on hydroxylapatite revealed that a small but 
reproducible peak of label was associated with the viral 
RNA peak, even after the vigorous dissociation conditions 
employed (heating at 100° for 5 min with 2% SDS and 5% 8- 
mereaptoethanol).. This Gs ishowawan Pisure 36. “Radioactivity 
was also associated with the viral RNA when it was prepared 
from purified labeled virus using the phenol extraction pro- 
eedure of Scraba et al. 7 °(1967)"™" Reports» ot-=a smali’ protein 
being associated with other picornaviral RNA's (Lee et al., 
16765 Sanger et al., 1977 ;9Hruby and" Roberts, 21979)" sug— 
gested that this label was due to a similar polypeptide 
being associated with Mengo virus RNA. Analysis of the 
nuclease-treated RNA on 10% polyacrylamide-0.1% SDS gels 


revealed a small peak of radioactivity migrating between 
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Figure 34. Electrophoretic analysis on 0.1% SDS-7.5% poly- 
acrylamide gels of the 3H-amino acid-labeled precursor poly- 
peptides used as substrate in the protease assay. Infected 
cells were pulse-labeled for 5 min with 3H-amino acids at 6 
hr pa... A lysate was, madelwigh 0. 05s Mura toetCd (pi... 0) 
containing 0.05 M KCl and 1% NP-40 and the nuclei removed 
by eentrifugation at 1000 g¢ for 10 min. The precursor poly- 
peptides were pelleted by centrifugation at 37,000 rpm for 
Wifes dnea SW 50.1 rotor. Jy Risquotsvot ne pelLbe.uwere 
prepared for electrophoresis as described in Figure 18. 
Conditions for electrophoresis and analysis were the same 

as those described in Figure 10. 
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Figure 35. .Electrophoreticaanal ysis on.0.d%. SDSs=7 15% poly-— 
acrylamide gels of the 3H-amino acid-labeled polypeptides 
present in the incubated protease assay mixture. The 
precursor polypeptide substrates were prepared as outlined 
im, Figure, s+. A 50 pl aliquosgots polypeptide Ee (derived 
from Pool 1 Figure 17; see Figure 18)¢was mixed with an 
egual volume of, substratevand ancubated.atyg~eeror Lehr. 

The sample was then prepared for electrophoresis as outlined 
imeroeure: 18, .~Condigpons tor electrophoresis and analysis 
were identical to those described in Figure 10. 
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Figure 36. SDS-hydroxylapatite chromatography of 14¢-amino 
acrd-labeled Virus’ capsid polypeptides. ~ Purified 14¢-amino 
acid-labeled Mengo virions were disrupted by heating at 100° 
for 5 min in a buffer consisting of 0.01 M sodium phosphate 
(pH 6.4) containing 2% SDS and 5% B-mercaptoethanol. The 
RNA and polypeptides were resolved as described by Ziola 
and Scraba (1975). The RNA peak (0), as detected by absorb- 
ance at 260 nm, was pooled (fractions 55-57) and dialyzed 
against 0.01 M sodium phosphate (pH 7.2) to remove the SDS. 
Radioactivity was assayed by standard procedures. Phosphate 
molarity was determined from conductivity measurements with 
the use Of a Standard” cumves 


AEDES, 


the 6 marker polypeptide and the bromophenol blue marker 
(Pigure 37). Thevsize or thic peak was diminished by 50 
to 60% when the RNA was also incubated with proteinase K 
(Figure 38).,. indicating that the. labeled material.was-a 


protein. 


Discussion 


AS an initial step towards ‘characterizing the functions 
of Mengo noncapsid proteins, the stable species E, F, G, H 
and I have been isolated from virus-infected cells. The 
two larger polypeptides, E and F, were isolated using 
both denaturing and non-denaturing methods while the smaller 
polypeptides, G, H and I, have been obtained by the use of 
denaturing methods. 

Previous studies of the picornavirus RNA polymerase 
(RNA replicase) have involved sequential purification by 
monitoring the enzymatic activity. Such studies have sug- 
gested that polypeptide E (NCVP 4) plays some role in the 
replicase activity,.but the various “purified” replicases 
were contaminated to varying extents with other viral- 
specific polypeptides (Lundquist et al., 1974; Loesch and 
Arlinghaus, 1975; Traub et al., 1976). This chapter has 
described an alternative approach in studying the replicase: 
i.e.: isolation of the polypeptide which has been indicated 


to be responsible for the RNA replicase activity (E) fol- 
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Figure 37. Elecmnonno ek: analysis on 0.1% SDS-10% poly- 
acrylamide gels of 4c-amino acid-labeled VPg. RNA obtained 
from a SDS-hydroxylapatite column (Figure 36) was precipitated 
with 24 volumes of cold 95% ethanol. The pellet was collected 
byaecentrifugation sat (P5000 empmetonr 30 amin Wimes, JA-20 rotor. 
The RNA was resuspended in 400 pl of 0.01 M TRIS-HC1 (pH 7.0). 
RNase A, RNase Tl and BSA were added to 200 pl of the RNA at 
final concentrations of 50 pg/ml, 100 units/ml and 400 pe/ml, 
respectively. The sample was incubated at 379 for 3 hr and 
then precipitated by the addition of 5 volumes of acetone. 

The precipitate was electrophoresed as described in Figure 10. 
The open circles show the profile obtained when the gel was 
fractionated and assayed for radioactivity as described in 
Figure 4. 

The marker capsid polypeptides (indicated bythe ‘solid tine) 
were electrophoresed at the same time in a separate gel. 

arrow indicates the position to which the bromophenol blue 
marker migrated in both gels. 
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Figure 38. Bloc 0. analysis on 0.1% SDS-10% poly- 
acrylamide gels of C-amino acid-labeled VPg which was 
proteinase K treated. VPg was obtained and treated in an 
identical manner to that described in Figure 37 with the 
following exception: proteinase K was added at 13 hr to the 
vacubation mixture to a final concentration of 200 ey td. 
The sample was then incubated ior an additional w= hr. ‘The 
incubation products were assayed electrophoretically as 
described in Figure 37. The open circles show the profile 
obtained when the gel was fractionated and assayed for 
radioactivity as described in Figure 4. The marker capsid 
polypeptides (indicated by the solid line) were parallelly 
electrophoresed on a separate gel. The arrow indicates 

the position to which the bromophenol blue marker migrated 
in both gels. 
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lowed by an attempt to assay for that activity. Polypeptide 
E isolated using nondenaturing conditions (Figure 17) was 
free from contamination by other viral polypeptides and 
contained only 5 - 6 host cell-specified polypeptides 
(Figure 21). Associated with the E polypeptides was an RNA 
polymerase activity which was dependent on exogenous viral 
RNA and oligo(rU) primer (Figure 26). The activity, however, 
was quite unstable and this fact plus the observed varying 
recoveries of activity suggest that other as yet uncharac- 
terized components are also necessary for a fully functional 
Viral replicase activity. Studies on poliovirus replicase 
have indicated that the procapsid structure (Yin, 1977) or 
capsid polypeptides (Ghendon, 1973) play some integral role 
in the replicase activity. Results reported in this chapter 
showed that replicase activity was diminished as the capsid 
polypeptides were progressively removed from the noncapsid 
polypeptides (Figure 27). However, addition of capsid 
polypeptides to isolated polypeptide E did not stimulate 

its observed activity (Pigsure 23) 60 the relatironsnip, if 
any, between these observations and the poliovirus data is 
unclear. 

Another possible explanation for the decreasing 
recovery of activity is based on a model proposed by Nomoto 
et al. (1977). These authors suggest that a polymerase 
core structure combines with a free molecule of VPg (the 
polypeptide which is also found covalently attached to the 


5°-end of the viral RNA) to produce a functional replicase. 
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The VPg molecule supposedly functions as a primer for RNA 
replication, during which time it becomes attached to the 
5°-end of the RNA. It has been shown in this chapter that 
Mengo virus RNA also contains a VPg-like polypeptide, and 

it is conceivable that this polypeptide was lost during the 
purification procedure outlined for the undenatured E 
preparation. VPg appears to be relatively hydrophobic when 
teolatedydrom viral nuAltire bys andi Roberts). 1978); and a 
large portion of it may have aggregated and been lost during 
tes 37,000 rpm centrifugation step.1 Affinity chromatography 
(Figure 7) presumably would have removed any VPg still 
present in solution (the disrupted virus antigen used to 
produce: antibodies. forsthis, column, also: contained the viral 
RNA and its covalently-linked VPg). The recovery of a 
portion of the replicase activity using the primer oligo(rvU) 
is consistent with this possibility... Presumably, however, 
oligo(rU) is a comparatively poor primer with respect to 
VPg. 

Ziola and Scraba (@976)) nave sussested that Peis’ a 
possible candidate for a virus-specified protease. Recent 
results have shown that when EMC virus RNA is translated in 
a reticulocyte cell-free system in vitro, an active proteo- 
lytic activity, which can cleave pre-A (an uncleaved 
precursor of A and G) and polypeptide C, is produced (Pelham, 
1978). This activity has been attributed either to the non- 
capsid polypeptides I and/or F. A preliminary assay experiment 


with isolated polypeptide F related in this chapter was 
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| Piet 2 
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unsuccessful in demonstrating any associated proteolytic 
activity. It would seem that further experiments, employing 
a wider variety of assay conditions, are necessary in order 
to ascertain whether or not F possesses proteolytic activity. 
dn. addition,, a. possible rollemofir in binding the replicase 
to membranes, as reported by Butterworth et al., (1976), 
should be investigated. 

A report of a protease activity associated with a 
polypeptide of molecular mass 14,000 daltons, produced by 
granulosis virus (Tweeten et al., 1978) suggests that poly- 
peptides G, H and/or I should also be obtained in undenatured 
form and assayed for proteolytic activity. Denatured 
ieeparations of G, H and i, prepared as reported in this 
chapter, should be suitable for use as antigens to produce 
specific antisera which can be used to isolate them from 


the other viral polypeptides. 
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